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ABSTRACTS 


Babson, A.‘L., Read, P. A., and Phillips, G. E.: 
The importance of the substrate in assays of acid 
phosphatase in serum. Am. J. of Clin. Path. 32:1 
83-87, July 1959. 


A comparison is made between six generally 
used substrates for their relative specificity to 
prostatic and erythrocytic acid phosphatase. Re- 
sults showed that a new substrate, alpha-naphthyl 
phosphate, was twice as specific as beta-glycero- 
phosphate and 40-100 times as specific as all 
other substrates investigated. Acid phosphatase 
assays in serum should be specific for that en- 
zyme arising from cancerous prostatic tissue. 
The substrate alpha-naphthy! phosphate* is spe- 
cific for this enzyme. 


Babson, A. L., and Read, P. A.: A new assay for 
prostatic acid phosphatase in serum. Am. J. Clin. 
Path. 32:1, 88-91, July 1959. 


A new and specific method for the determina- 
tion of prostatic acid phosphatase in serum is 
presented. The method is based on the use of a 
new substrate alpha-naphthyl phosphate which 
measures Only prostatic acid phosphatase. The 
method is simple and rapid to perform with a 
minimum of manipulation. In this procedure the 
- color developed represents prostatic enzyme ac- 
tivity alone. The reagents for this new method 
are available in convenient and stable form.* 


“Phosphatabs, 


reprints of the original articles are available on request from: 


GENERAL DIAGNOSTICS 
WAR N E R-CH I LCOTT Div. MORRIS PLAINS. N.J. 
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Well, not that simple, ad 
but a skilled lab technician 


finds the Baird Flame Photometer 
a breeze. An accurate, time-saving 
instrument . .. dependable and 
thoroughly tested. This internal 
standard, DOUBLE BEAM Photometer 
reads directly in K and Na from 
one micro sample of serum. Ask for 
literature or demonstration. 
WI ag CORPORATION 
Will No. 31000N . $750.00 
Rochester 3,N.Y. Atlanta 25,Ga. 
New York52,N.Y. Baltimore 25, Md. 
Buffalo 5, N.Y. So. Charleston 3,W.¥a. 


Specialists in Scientific Supply 


RARE and FINE ORGANICS WANTED 
A few of the thousands of rare stock chemicals 
CETYL PYRIDINIUM CHLORIDE $10.00/100g. Back Issues of 
7 THE JOURNAL OF 
CLINICAL INVESTIGATION 


DIISOPROPYL FLUOROPHOSPHATE 16.00/g. 


35.00/KG. January, May, June, July, (Pt. I), 
o-1ODOBIPHENYL 8.50/10g. September, through December, 
1955 

PYOCYANINE (free base) in. February, July, August, Sept., and 
November, 1959 


amino acids keto acids sugars 


cums fatty acids purines 75¢ per copy and postage 


carcinogens 


For particulars about mailing write to 
The Journal of Clinical 
Investigation 
LABORATORIES, INC 
333 Cedar Street 
177-10 93rd AVENUE JAMAICA 33, New Haven 11, Conn. 


Write Dept. “C” 
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Any one of these portable amplifier recorders will 
provide your laboratory with greater recording 
flexibility and operating economy. Select either a 
one or two channel model with electronics for either 
DC or carrier amplification, for such applications 
as routine recording from transducers . . . monitor- 
ing output of laboratory instruments such as 
Sanborn ‘‘450’’ portable amplifiers (self-contained 
units with built-in power supplies, available in DC 
Coupling, Carrier, ECG/General Purpose, Low 
Level and other types), vital capacity spirometers, 
pH meters, etc. ... or for direct-writing recording 
of one or two channels of a photographic recording 
system (e.g., Sanborn 564 and 558M) or a visual 
monitoring system (e.g., Sanborn 760 and 762). 

FOR GENERAL PURPOSE DC RECORDING 
The Model 299 — 21 lb., brief case, 1-channel recorder 
...5 and 50 mm/sec or 2.5 and 25 mm/sec chart 
speeds... sensitivities from 10 volts to 10 mv/div 


... frequency response 0 to 100 cps, down 3 db at 
10 div peak-to-peak ... inkless recording. 


Model 320-2 complete channels in a one-cubic-foot 


MEDICAL 


SAN BORN™N 


VERSATILE, 
PORTABLE 
SANBORN 
AMPLIFIER 
RECORDERS 
FOR BIOPHYSICAL 
RESEARCH 


package — separate, current-feedback amplifiers 
with floating and guarded inputs... sensitivities 
from 2 volts to0.5mv/mm ... full 50 mm for each 
channel... frequency response 0-125 cps, down 3 
db at 10 mm peak-to-peak... choice of speed 
ranges —50, 25, 5, 2.5 mm/sec or 100, 20, 5, 1 mm/sec 
...inkless records. Model 322 also available, for 
low gain 2-channel recording. 


FOR AC CARRIER AMPLIFIER RECORDING 
Model 301—single-channel portable — same con- 
struction, physical specifications and chart speed 
options as Model 299. Self-contained AC carrier 
amplifier recorder... sensitivities to 10 microvolts 
rms/div ... frequency response 0-100 cps, down 3 
db, 10 div peak-to-peak... internal 2400 cps car- 
rier frequency ... uncalibrated zero suppression. 
For similar applications but in two channels, Model 
321 is available as a carrier amplifier version of 
the Model 320 system. 

Contact your nearest Sanborn Branch Office or 
Service Agency for complete details, or write 
Research Instrument Sales Manager: 


DIVISION 


17S Wyman St., Waltham 54, Massachusetts 
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clinical experience continues to indicate 
value of the CYTOTOXIC AGENT... 


CYTOXAN 


Cyclophosphamide, Mead Johnson 


for palliative chemotherapy of 


certain types of malignant neoplasms 


“Cyclophosphamide [Cytoxan] has proved a valuable addition to 
chemotherapeutic drugs available for the treatment of malignant 
diseases of the haemopoietic and reticuloendothelial systems.... 
Particularly effective in Hodgkin’s disease, lymphosarcoma, chronic 
lymphocytic leukaemia, and myelomatosis...."! 

“Objective data suggest that this agent [Cytoxan] has advantages not 


possessed by standard alkylating agents now in clinical use.”? 


“With the use of cyclophosphamide [Cytoxan] there is a relative lack 
of thrombocytopenia and a diminution in gastrointestinal side- 
effects, so that it may offer therapeutic advantages over other alkyl- 


ating agents.’’3 


Other Advantages in Clinical Practice: Broad-spectrum application. 
High therapeutic index. No vesicant activity—may be given orally 
or parenterally. 

(1) Matthias, J. Q.; Misiewicz, J. J., and Scott, R. B.: Brit. M. J. 2:1837-1840 (Dec. 24) 1960. 
(2) Coggins, P. R.; Ravdin, R.G., and Eisman, S$. H.: Cancer 13:1254-1260 (Nov.-Dec.) 1960. 


(3) Papac, R.; Petrakis, N. L.; Amini, F., and Wood, D. A.: J.A.M.A. 172:1387-1391 
(March 26) 1960. 
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DOSAGE: For neoplasms relatively susceptible to Cytoxan 
— Patients with lymphomas and other neoplasms believed 
to be relatively susceptible to Cytoxan therapy are given 
an initial dose of 2-3 mg./Kg./day intravenously. White 
blood counts and platelet determinations should be made 
daily or twice weekly and the dosage adjusted accord- 
ingly. Intravenous infusions should be continued for at 
least 6 days unless otherwise indicated. A leukopenia of 
between 1500 and 5000 cells per cu. mm. (or lower) may 
be expected between the tenth and fourteenth day. In 
the presence of a leukopenia of less than 2000/cu. mm. 
Cytoxan should be discontinued until the white cell count 
returns to 2000 to 5000 (usually within a week). Dosage is 
subsequently adjusted as indicated by the patient's objec- 
tive response and the leukocyte count. If the patient is 
subjectively improved, if the size of the tumor has de- 
creased, or if the white cells are satisfactorily maintained 
between 2000 and 5000/cu. mm. oral dosage may be insti- 
tuted equivalent to intravenous dosage. 

Thrombocytopenia is rarely observed on this regimen. 
If platelet counts of less than 100,000/cu. mm. are ob- 
served, the patient should be watched carefully. If plate- 
lets continue to decrease, Cytoxan should be discontinued. 

The patient who has had previous treatment with al- 

kylating agents, or x-ray, or is debilitated may be more 
susceptible to bone marrow depression, and initial Cytoxan 
doses should be more conservative than the above. Such 
patients should have more frequent hematologic evalua- 
tion. Good medical practice demands access to a reliable 
hematologic laboratory when using Cytoxan. 
For neoplasms relatively resistant to Cytoxan— Patients 
with carcinomas and other malignant neoplasms believed 
to be less susceptible to Cytoxan therapy are given a 
dose of 4 to 8 mg./Kg./day intravenously. Unless there 
are indications to the contrary, this dose is continued for 
6 days, then stopped. Leukopenia usually ensues on the 
tenth to fourteenth day after the first dose of Cytoxan. 
Thrombocyte reduction is not common, and platelets may 
actually increase. The leukocyte count promptly returns 
toward normal levels in most cases, and as it begins to 
increase, sufficient Cytoxan is administered to maintain 
it near 2000 to 5000/cu. mm. This may be accomplished 
by two intravenous injections weekly, or by oral admin- 
istration, or by a combination of both routes. An oral 
dosage of 50 to 200 mg. daily or an intravenous injection 
of 5 mg./Kg. twice weekly will usually suffice. 

The platelet and leukocyte counts should be followed 

carefully, and the prior treatment history of patients 
carefully evaluated as delineated above. 
Leukopenia as a guide to adequacy of dosage—The best 
objective measure for dosage seems to be the number of 
circulating white blood cells. This is used as an index of 
the activity of the hematopoietic system, especially the 
bone marrow. The mechanism by which Cytoxan causes 
a reduction in the level of white blood cells is not known, 
but cessation of dosage results in an increase in the level, 
indicating that the hematopoietic system had not been 
permanently affected. When large doses (8 mg./Kg./day 
for 6 days) are given initially, the white cell count falls 
rapidly. Following the cessation of the 6-day course, the 
white cells may continue to decline for as long as 8 days 
and then increase. The reduction of the white cell count 
during Cytoxan therapy and its subsequent increase when 
therapy is discontinued can be repeated in the same pa- 
tient. Maximal reduction in leukocyte count indicates the 
maximal permissible Cytoxan level for therapeutic effect. 
Leukopenic patients must be watched carefully for evi- 
dence of infection. 

Total white blood cell and thrombocyte counts should 
be obtained 2 or more times weekly in order to evaluate 
therapy and to adjust dosage. 

SIDE EFFECTS: Although Cytoxan is related to nitrogen 
mustard, it has no vesicant effect on tissue. It does not 
traumatize the vein when injected intravenously, nor does 
it cause any localized tissue reaction following extravasa- 
tion. It may be administered intravenously, intramuscu- 
larly, intraperitoneally, intrapleurally cr directly into the 


tumor, when indicated. It is apparently active by each of 
these routes. 

Nausea and vomiting are common and depend on dose 
and on individual susceptibility. However, many investi- 
gators accept the nausea and vomiting in favor of main- 
taining maximal therapy. The vomiting can be controlled 
with antiemetic agents. 

Alopecia is a frequent side reaction to Cytoxan therapy. 
It has been observed in 28% of the patients studied in 
this country. The incidence is greater with larger doses. 
The loss of hair may first be noted about the 2Ist day of 
therapy and may proceed to alopecia totalis. This effect 
is reversed following discontinuance of Cytoxan; during 
reduced maintenance therapy, hair may reappear. It is 
essential to advise the patient in advance concerning this 
effect of the drug. 

Dizziness of short duration and of minor degree has 
occasionally been reported. 

Leukopenia is an expected effect and can be used as a 
guide to therapy. Thrombocytopenia may occur, especi- 
ally after large doses. The leukocyte or platelet counts of 
an occasional patient may fall precipitously after even 
small doses of Cytoxan, as with all alkylating agents. The 
drug should be discontinued in such patients and reinsti- 
tuted later at lower dosage after satisfactory hematologic 
recovery has occurred. Prior treatment with x-ray or with 
other chemotherapeutic agents frequently causes an 
earlier or exaggerated leukopenia or thrombocytopenia 
after Cytoxan medication. Only rarely has there been a 
report of erythrocyte or hemoglobin reduction. 
ADMINISTRATION: Add 5 cc. sterile water (Water for 
Injection, U.S.P.) to 100 mg. of Cytoxan in the sterile vial 
(add 10 cc. to 200 mg. vial). Shake, allow to stand until 
clear, remove with sterile syringe and needle and inject. 

The freshly prepared solution of Cytoxan may be ad- 
ministered intravenously, intramuscularly, intraperitone- 
ally, intrapleurally, or directly into the tumor. The 
solution should be administered promptly after being 
made but is satisfactory for use for three hours after 
preparation. 

If the patient is receiving a parenteral infusion, the 
Cytoxan solution may be injected into the rubber tubing 
if the solution is glucose or saline. 

No thrombosis or thrombophlebitis has been reported 
from injections of Cytoxan. Extravasation of the drug 
into the subcutaneous tissues does not result in local 
reactions. 

PRECAUTIONS: Cytoxan should not be given to any 
person with a severe leukopenia, thrombocytopenia, or 
bone marrow infiltrated with malignant cells. It may be 
given with suitable precautions to patients who have had 
recent X-ray treatment, recent treatment with a cytotoxic 
agent, a surgical procedure within 2-3 weeks, or debili- 
tated patients. 

AVAILABILITY: Cytoxan is available as follows: 

Cytoxan for Injection, 100 mg., a sterile dry-filled vial 
containing 100 mg. cyclophosphamide and 45 mg. sodium 
chloride. Packaged, 12 vials per carton. 

Cytoxan for Injection, 200 mg., a sterile dry-filled vial 
containing 200 mg. cyclophosphamide and 90 mg. sodium 
chloride. Packaged, 12 vials per carton. 

Cytoxan Tablets for oral administration, 50 mg., white, 

round tablets, flecked with blue for easy identification, 
Packaged, 100 tablets per bottle. 
For a copy of the Cytoxan brochure, or other additional 
information on Cytoxan, communicate directly with the 
Medical Department, Mead Johnson Laboratories, Evans- 
ville 21, Indiana. 


Mead Johnson 
Laboratories 


Symbol of service in medicine 
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Just Published: Volume 1 (April 1961) 
ANNUAL REVIEW OF PHARMACOLOGY 


Editor: Windsor C. Cutting Associate Editors: Robert H. Dreisbach, Henry W. Elliott 


Editorial Committee: Bernard B. Brodie, Maynard B. Chenoweth, Windsor C. Cutting, Louis 
S. Goodman, George B. Koelle, Chauncey D. Leake, Maurice H. Seevers 


Contents: 

Why an Annual Review of Pharmacology 7. Sollmann 
Highlights of Pharmacology in Japan.............J/. Kumagai and H. Yamada 
Highlights of Pharmacology in Latin America....... E. G. Pardo and R. Vargas 
Highlights of Soviet Pharmacology S. V. Anichkov 
Mechanisms of Drug Absorption and Distribution L. S. Schanker 


Effects of Temperature on the Action of Drugs.......................2..0.. 
G. J. Fuhrman and F. A. Fuhrman 


Biochemical Effects of Drugs.................... J. J. Burns and P. A. Shore 
Recent Laboratory Studies and Clinical Observations on Hypersensitivity to 
Drugs and Use of Drugs in Allergy.........£. A. Carr, Jr., and G. A. Aste 
H. F. Hunt 

Behavioral Pharmacology 
Pharmacologically Active Substances of Mammalian Origin V. Erspamer 
Pharmacology of Autonomic Ganglia U. Trendelenburg 
Neuromuscular Pharmacology D. Grob 
Cardiovascular Pharmacology................M.deV. Cotten and N. C. Moran 
Renal Pharmacology J. Orloff and R. W. Berliner 
Endocrine Pharmacology : Selected Topics P. L. Munson 
The Action of Drugs on the Skin A. Herxheimer 
The Pharmacology and Toxicology of the Bone Seekers...................... 


P. S. Chen, Jr., A. R. Terepka and H. C. Hodge 
Toxicology of Organic Compounds of Industrial Importance...... . E. Browning 
Review of Reviews C. D. Leake 


479 pages Clothbound Subject and Author Indexes 


$7.00 postpaid (U.S.A.); $7.50 postpaid (elsewhere) 


ANNUAL REVIEWS, INC. 


231 Grant Avenue, Palo Alto, California, U. S. A. 
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CAPABLE 
HANDS 


for your Research Analyses 


BIO-SCIENCE LABORATORIES OFFERS 
SUPPLEMENTAL LABORATORY SERVICE 


Determinations and Assays in... 
Biochemistry, Endocrinology, Toxicology, 
Microbiology-immunology, Enzymology, 
Radio-isotope Procedures 


Bio-Science Laboratories offers an unusual service to 
researchers in the bio-medical field . . . a full range 
of laboratory tests in biochemistry, endocrinology, 
microbiology-immunology, toxicology, enzymology, 
radio-isotope procedures. You who are working under 
research grants will find our service of especial bene- 
fit: it allows you to concentrate your own efforts on 
the essential aspects of the research, knowing that 
the recurring lab tests are taken care of by a fully 
equipped, well staffed, professional laboratory with 
long experience in the field. 


BIO-SCIENCE 
LABORATORIES 


“The Unusual Laboratory... 
for Unusual Tests’’ 


12330 SANTA MONICA BLVD. / LOS ANGELES 25, CAL. / BR 2-6253 
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New from 
Nuclear-Chicago 

a family of 

liquid scintillation 
counting systems 


Model 701 is the low-priced basic system for 
workers interested mainly in counting limited num- 
bers of samples. Carbon-14 is counted with high 
efficiency and tritium with somewhat reduced 
efficiency. Model 701 includes components com- 
mon to all three systems: uniquely sensitive optical 
cell and dual-detector assembly, high-speed two- 
channel pulse-height analyzer, ultra-fast coinci- 
dence circuit, and stabilized high-voltage supply. 
Output signals from this solid-state circuitry are 
shaped pulses which can feed any standard scaling 
instrument. From this point, your research needs 
and budget will guide your choice of options, now 
and in the future. 


In Model 702, the dual-detector assembly is 
mounted in a custom-built, precision-controlled, 
low-temperature chamber permitting highest count- 
ing efficiency for carbon-14 and tritium. Field con- 
version to fully automatic operation requires only 
addition of the sample changer mechanism and 
controls. 


Model 703’s simple and foolproof sample changer, 
its sophisticated options of data presentation, and 
its versatile modes of automatic operation suggest 
it as the system of choice for laboratories counting 
many samples. 


One of the three new models in this first family of 
liquid scintillation counting systems is suited to 
your present needs and your expanding research 
program. 


Prices for these integrated, compact and func- 
tionally elegant systems range from $5,000 through 
$15,000. Please write for full information. 


nuclear-chicago 


CORPORATION 


329 EAST HOWARD AVENUE DES PLAINES, ILLINOIS 


Start here for economical, 
room-temperature 
counting of C“ and H® 


Model 701 
manual operation 
shown with 8250 scaler 
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Add cooling for increased 
efficiency and precision 


Model 702 
manual, temperature controlled operation 
shown with 8250 scaler and 8600 timer 


3. 


Incorporate automatic sample 
changing as work load grows 


Model 703 

automatic, temperature controlled operation 
shown with two 8250 scalers, 8600 timer, 
and 8401 digital recorder 
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first name in Osmometry.... 


More laboratories have specified Osmometers 
from Advanced Instruments than from all other 
sources combined. 


ADVANCED 
OSMOMETERS 


© Regional schools of Osmometry 


® Continuing service and complete 
parts for all earlier models 
The all-new 1961 Laboratory Model 31L 
© smaller 

fully-insulated bath 

© 5-year refrigeration 

© push button operation 

® more stable probes 


© Advanced uniform 6-Step instructions 
for all models 


Send for latest specifications today 


< ADVANCED 
INSTRUMENTS, inc. 


41 Kenneth St., Newton Highlands 61, Mass. 
Telephone DEcatur 2-8200 


J.C.Il. SUPPLEMENTS 


“INOW OVER 18.000 


CHEMICALS 


@ Neotetrazolium Chloride 
@ Neurine Bromide 

@ Nickel Boride 

@ Nickel Borofluoride 

@ Nickel Iodide 

@ Nickel Oleate 

@ Nickel Tartrate 

@ Nile Blue A 

@ Nitrazine 

@ Nitroarginine 

@ o-Nitrobenzyl Alcohol 

@ o-Nitroethylbenzene 

Nitrofurazone 

Nitromersol 

@ s-Nitronaphthalene 

4-Nitro-1-naphthylamine 
@ 5-Nitro-2-naphthylamine 
@ 6-Nitro-1-naphthylamine 
@ o-Nitrophenylarsonic Acid 


Ask for our new 
complete catalogue 


West 60th: St, New York 23, New York 
Plaza 7-8171 


Order while still available 
Symposium on Malaria 


May, 1948, Part II $2.00 
Symposium on Antibiotics 

September, 1949, Part I $2.00 
Symposium on Radioactive Isotopes 

November, 1949, Part I $2.00 


Treatment of Acute Infectious Hep- 
atitis 

July, 1955, Part II $1.50 
The Renal Lesion in Epidemic 
Hemorrhagic Fever 

January, 1957, Part II $1.50 
Metabolic Studies in Paralytic 
Acute Anterior Poliomyelitis 

June, 1957, Part II $1.50 

+. 

Studies on Influenza in the 1957- 
1958 Pandemic 


January, 1959, Part II $1.50 
History of the A.S.C.I. 
October, 1959, Pt. II $1.50 


Order through the Business Office of 


THE JOURNAL OF CLINICAL INVESTIGATION 
333 Cedar Street New Haven 11, Conn. 
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Need Laboratory Supplies or Equipment? 


por Lestat CONTACT 


PYREX BECKMAN AINSWORTH @ 81 OPTICAL PRECISION SC. CO. 

coors COLEMAN BECKER AMER. OPTICAL . T. BAK! LAB. FURN. CO. 

INT. EQ. CO. SARTORIUS LEISS © LEITZ LABLINE 
LEcO 


KIMAK 
BARNSTEAD SUEHLER GLAS-coL BLUEM 


Cleveland 


We invite your consideration of the following items: 


DYNAZOOM’® MICROSCOPES 


Zoom up, zoom down at the twist of a dial with the new Bausch 
& Lomb DynaZoom® Laboratory Microscopes. The revolutionary 
MicroZoom" optical system makes “step magnification” obsolete. 
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Vancocin is bactericidal in readily achieved 
serum concentrations. 

Vancocin is effective against antibiotic-resistant 
gram-positive pathogens. Cross-resistance does 
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Vancocin averts the development of antibiotic- 
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THE QUANTITATIVE DETERMINATION OF IRON KINETICS 
AND HEMOGLOBIN SYNTHESIS IN HUMAN SUBJECTS * 


By MYRON POLLYCOVE anp ROBERT MORTIMER 


(From the Donner Laboratory, Donner Pavilion, and the Lawrence Radiation Laboratory, 
University of California, Berkeley; and the Radioisotope Service and Medical 
Service, Veterans Administration Hospital, Boston, Mass.) 


(Submitted for publication July 25, 1960; accepted January 26, 1961) 


Two-thirds of the iron normally present in the 
body is in hemoglobin. Hemoglobin turnover is 
generally accepted to be much greater than turn- 
over of iron in storage depots, in which nearly all 
of the remaining iron is found. For these reasons 
it was anticipated that hemoglobin synthesis might 
be measured directly by means of radioactive iron. 
The pioneering work of Huff and Elmlinger and 
their associates (1-3) proposed that hemoglobin 
synthesis could be determined from the product of 
the rate of removal of iron from plasma (plasma 
iron turnover, milligrams per day) and the frac- 
tion of radioactive iron incorporated into circulat- 
ing erythrocytes. Further studies by Huff and 
others (4-16), however, revealed that hemoglobin 
synthesis calculated in this way was consistently 
greater than would be expected from relating cir- 
culating hemoglobin to well established data con- 
cerning the life span of erythrocytes. Plasma iron 
turnover data yielded daily hemoglobin synthesis 
rates of 1.2 to 2.0 per cent of circulating hemoglo- 
bin as contrasted with expected rates of 0.75 to 
1.00 per cent corresponding to an erythrocyte life 
span range of 100 to 130 days (17-20). 

Although plasma iron turnover can be used for 
relative comparisons of erythropoiesis under cer- 
tain circumstances, it is apparent that plasma iron 
turnover must be analyzed into its component 
parts before it can be used for quantitative deter- 
mination of hemoglobin synthesis. This study was 
undertaken in an attempt to quantitate hemoglobin 
synthesis. For this purpose, mathematical models 
were developed that are compatible with experi- 
mental data obtained from over 400 subjects. Se- 
quential measurements of radioiron were made in 
plasma, red cells, and at the body surface (21, 22). 
Data obtained from 13 normal subjects and 6 pa- 
tients with endogenous hemochromatosis are pre- 

* This investigation was supported in part by a grant 
from the United States Public Health Service (C-1440). 


sented in this report and analyzed in accordance 
with the proposed models. Most patients with 
endogenous hemochromatosis are not anemic and 
show normal blood and marrow erythrons upon 
histologic examination, suggesting normal hemo- 
globin synthesis and erythrocyte life span (23). 
Iron kinetics in these patients is greatly altered by 
a marked pathologic increase of iron stores. Study 
of patients with endogenous hemochromatosis 
therefore provides an especially useful test of the 
proposed iron kinetics model. 


MATERIALS AND METHODS 


All normal subjects (1 female and 12 male volunteers 
between the ages of 24 and 72 years) studied with the 
methods presented are included in this report. All were 
asymptomatic, in good health, with normal hematologic 
values. 

All patients with endogenous hemochromatosis stud- 
ied (6 males) are included in this report. None had 
received blood transfusion or iron therapy. Five of these 
patients were between 50 and 60 years old, with charac- 
teristic slate-grey or leaden, dusky skin color, and dia- 
betes. Diagnosis was established by the abnormally in- 
creased concentration of iron in plasma (178 to 278 yg 
per 100 ml), decreased total plasma iron-binding capacity 
(224 to 278 ug per 100 ml), and liver biopsy demonstrat- 
ing characteristic periportal fibrosis in association with 
massive deposits of hemosiderin. The sixth patient was 
only 22 years old; although biopsy of his liver demon- 
strated markedly increased amounts of hemosiderin, no 
periportal fibrosis was present. Glucose tolerance and 
cardiac and hepatic function were normal. Plasma iron 
concentration (149 wg per 100 ml) and total binding ca- 
pacity (314 wg per 100 ml) were normal; he had not 
been venesected. The diagnosis was established by dem- 
onstration of increased absorption of ingested iron [29 
per cent of 4 mg iron (ferrous citrate) without ascorbic 
acid], in association with a striking familial incidence of 
endogenous hemochromatosis—his father and one pa- 
ternal uncle had died with endogenous hemochromatosis 
and diabetes, and a living paternal uncle is aiso so af- 
fected. More precisely, since no pathologic organ func- 
tion or morphology was demonstrable, he is classified as 
being at a prehemochromatotic stage of endogenous he- 
mochromatosis (24). 
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Normal subject 
N-10) 35 7Okg 


4 
Erythrons, 


Range of 


normals 


Erythrocytes 


Percent of Fe? in plasma 


Range of normals, 


Sacral marrow 


Percent of 
cpm /cpm, 
cpm /CPM, 


3 


2 
Hours 


Time after intravenous injection of "eae 


Fic. 1. 
SUBJECT. 


RADIOIRON IN PLASMA AND ERYTHROCYTES, AND SURFACE RADIOACTIVITY IN A NORMAL 
The interrupted curve, showing cumulative fixation of radioiron in erythrons, and 


the mean effective erythron hemoglobinization time (MEEHT) are calculated as shown in 


Appendices C and D. 


Ten to 40 we of radioactive iron (Fe™), as ferrous ci- 
trate or ferric ammonium citrate, specific activity 1 to 15 
uc per wg, was used. This was added to sufficient fresh 
plasma (the recipient’s plasma is used except when it 
lacks sufficient latent iron-binding capacity) to en- 
sure binding of all iron to the £,-globulin, transferrin. 
After incubation at 37° C for 20 to 30 minutes, 5 to 20 
ml of the labeled fresh plasma was injected intravenously 
with a calibrated syringe. Since iron in the plasma is 
entirely bound to transferrin, iron was injected in this 
form to ensure its acting as a true tracer. Others have 
given radioiron directly by i.v. injection and report that 
this mode of administration is satisfactory (10, 25). 
Perhaps radioiron may be used in this way as a tracer if 
given slowly so as not to exceed the plasma iron-binding 
capacity of the small mixing volume in transit from the 
site of injection to the lungs. During the 10 to 14 days 
following injection, serial blood samples were analyzed 
for plasma and erythrocyte radioactivity, and surface 
measurements of radioactivity over liver, spleen, and 
sacral bone marrow were made. 

Plasma and erythrocyte radioactivity were measured 
by counting 2- or 3-ml samples in a well scintillation 
counter, with a 2-inch Nal crystal and 6-inch lead shield- 
ing (26). The counting efficiency was about 25 per cent 
for Fe” and the background approximately 105 cpm. 
Blood samples were centrifuged at 2,000 G for 15 min- 
utes to obtain plasma free of erythrocytes. It was nec- 
essary to take care in drawing and manipulating the 
blood to avoid hemolysis which, after significant labeling 
of erythrocytes occurs, would produce erroneously high 
concentration of radioiron in plasma (Figure 14, N-9). 
Concentration of iron in plasma and latent iron-binding 
capacity were determined by the modification of Peters 
and co-workers of the Ramsey method (27). Hemato- 
crits were determined on all samples. Plasma and red cell 
volumes were determined independently by the Fe” and 
P* dilution methods (28, 29). Surface counting rates 
were obtained from mobile scintillation counters over 
liver and spleen, angled posteriorly from the anterior and 


midaxillary lines, respectively, and in the posterior mid- 
line over the broad upper portion of the sacrum as shown 
in Figures 21 and 22 in Appendix F (2, 3). A counting 
rate was also obtained over the anterior aspect of the 
thigh at a level 12 cm above the upper border of the 
patella. This position at the lower end of the femur is 
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PER CENT OF RADIOIRON IN PLASMA AFTER IN- 
TRAVENOUS INJECTION, SHOWING RAPID AND SLOW EXPO- 
NENTIAL COMPONENTS. Plasma radioiron data in 3 repre- 
sentative normal subjects are shown in Figure 14. 
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QUANTITATION OF IRON KINETICS AND HEMOGLOBIN SYNTHESIS 


@ 


Percent of Fe°? 


NORMAL SUBJECTS 
(Erythrocytes) 


8 10 12 
Days 


. 3. PER CENT OF RADIOIRON IN CIRCULATING RED CELL 
MASS AFTER INTRAVENOUS INJECTION. 


used to detect increase of red marrow volume in adults 
and to check variation of background and instrumenta- 
tion. 


MATHEMATICAL ANALYSIS OF PLASMA 
RADIOIRON 


Study of normal subjects for whom tracer radioiron 
was measured in plasma, sacral marrow, liver, spleen, 
and circulating erythrocytes (Figures 1-4), results in 
the following observations. Virtually all radioactive 
iron moves rapidly from plasma to bone marrow, re- 
maining there longer than 1 day. During the next 4 to 
6 days, radioiron leaves the marrow and simultaneously 
appears within circulating erythrocytes. In plasma, dur- 
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Fic. 4. RATIOS OF SACRAL, HEPATIC, AND SPLENIC SUR- 
FACE COUNTING RATES TO INITIAL RATE AFTER INTRAVE- 
NOUS INJECTION OF RADIOIRON. 
ing the first 5 to 8 hours, there is a rapid exponential 
decrease of radioiron, the rate of which subsequently di- 
minishes. After approximately 2 days, a second, slower 
exponential rate of decrease of radioiron is established. 
This persists for 8 to 12 days (Figures 1, 2). The pres- 
ence of this second component is evidence for feedback 
of radioactive iron into plasma from another iron pool. 
Since virtually all plasma radioiron transfers to mar- 
row, it seems plausible that the feedback occurs from 
marrow. It can be shown that, if most of the radioiron 
feedback were to occur from a labile storage pool rather 


lron kinetics model - negligible storage exchange 
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AND SOLUTION OF THE CORRESPONDING DIFFERENTIAL EQUATIONS. 
Hemolysis of maturing erythrons or circulating erythrocytes results 


tinues to decrease exponentially for 2 weeks. 
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TRON KINETICS MODEL PROPOSED TO APPLY UNDER CONDITIONS OF NEGLIGIBLE PLASMA-STORAGE IRON EXCHANGE 


In the absence of hemolysis, plasma radioiron con- 


in feedback of radioiron to plasma and early equilibration of plasma radioiron at a constant level. 
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Endogenous hemochromatosis 
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Fic. 6. RApDIOIRON IN PLASMA AND ERYTHROCYTES, AND SURFACE RADIOACTIVITY IN A PATIENT WITH ENDOGENOUS HE- 


MOCHROMATOSIS. 
calculated as shown in Appendices C and D. 


than a labile erythropoietic pool, most of the radioiron 
would transfer initially into the former instead of the 
latter pool and, since almost half of storage iron is in 
liver (30), would thereby markedly increase the hepatic 
counting rate. Reappearance in plasma of measurable 
radioactive iron from destroyed circulating erythrocytes 
and storage depots is normally delayed beyond the 10 
to 14 day period of measurement. 

From these considerations the model in Figure 5a is 
proposed for normal subjects whenever storage deposition 


The interrupted curve, showing cumulative fixation of radioiron in erythrons, and the MEEHT are 


is a very small fraction of plasma iron exchange. Solu- 
tion of the corresponding simultaneous differential equa- 
tions is presented in Appendix A. The plasma radioiron 
can be expressed as a function of time by the equation 
x,=Ae''+Ce's'. The slope r, is determined largely 
by the rate of transfer of radioiron from plasma into the 
labile erythropoietic iron pool (fraction of plasma iron 
transferred daily) ; the slope r, is determined largely by 
the rate of transfer of radioiron from the labile erythro- 
poietic iron pool into maturing erythrons (fraction of 
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PER CENT OF RADIOIRON IN PLASMA AFTER INTRAVENOUS INJECTION, SHOW- 
COMPONENT AND FINAL CONSTANT EQUILIBRIUM 
Graphic analysis reveals two additional exponential components (Figure 10). 


Plasma radioiron data in 3 representative patients with endogenous hemochromatosis 


are shown in Figure 10. 
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Range of 
normals 


Percent injected Fe°? in 
circulating red-cell mass 
oO 


ENDOGENOUS HEMOCHROMATOSIS 
Days after intravenous injection of Fe°® 


8. PER CENT OF RADIOIRON IN CIRCULATING RED CELL 
MASS AFTER INTRAVENOUS INJECTION. 


erythropoietic pool transferred daily). Measurement of 
the two plasma radioiron slopes and their intercepts, 
together with use of the formulae summarized in Ap- 
pendix D, permits calculation of the intercompartmental 
rate constants and the amount of iron in the labile eryth- 
ropoietic pool. Calculation of the rates of irreversible 
iron fixation in maturing erythrons and the corresponding 
rates of hemoglobin synthesis is shown in Appendix B. 
When considerable storage deposition of plasma iron 
occurs (as in patients with hemochromatosis, hemosidero- 
sis, or decreased erythropoiesis) the model shown in Fig- 
ure 5 is not adequate. Under these circumstances, ini- 
tial hepatic deposition of radioiron occurs along with 
transfer to marrow and erythrons, and there is a cor- 
responding decrease in the percentage of radioiron in- 
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MARROW 
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cpm /cpm> 


Hours Days 
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Fic. 9. RATIOS OF SACRAL, HEPATIC, AND SPLENIC SUR- 


FACE COUNTING RATES TO INITIAL RATE AFTER INTRAVENOUS 
INJECTION OF RADIOIRON. 
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corporated into circulating erythrocytes (Figures 6, 8, 9). 
This indicates that deposition of iron in relatively fixed 
stores occurs simultaneously with incorporation of iron 
from labile marrow pool into maturing erythrons (Fig- 
ure 6). Graphic analysis of the plasma radioiron curve 
reveals distinctly more than two exponential compo- 
nents (Figure 10) which may be arbitrarily resolved into 
three exponential components. This pattern suggests 
feedback of radioiron from at least two distinct 
pools into the plasma pool. Under these circumstances, 
it is postulated that plasma iron exchanges with a stor- 
age pool in addition to an erythropoietic pool. 

From these considerations the generally applicable 
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TRAVENOUS INJECTION. Plasma radioiron data in 3 repre- 

sentative patients with endogenous hemochromatosis are 
shown. 
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model shown in Figure 11 is proposed. Neglecting the 
slow return to plasma of iron from storage reserve, solu- 
tion of the corresponding simultaneous differential equa- 
The plasma radioiron 
can be expressed as the sum of three exponential com- 
ponents, + Be':' + Ce's'. The magnitude of 
the slopes r, and r, corresponds to those observed for 
normal subjects. The additional slope observed when 
appreciable storage deposition of plasma iron occurs, 1, 
is largely determined by the rate of transfer of radioiron 
from the labile storage pool into relatively fixed iron 
stores (fraction of storage pool transferred daily) ; it is 
considerably smaller than r, and larger than r;. Slope 
r, is determined by irreversible transfer of iron from the 
Measurement 


tions is presented in Appendix A. 


labile erythropoietic pool into erythrons. 
of the three plasma radioiron slopes, their intercepts, and 
f, the maximal fraction of radioiron incorporated into 
erythrons, together with the use of the formulae sum- 
Appendix D, the 
amounts of iron in the labile erythropoietic and labile 
storage pools. Calculation of the rates of iron deposition 
in stores, irreversible fixation of iron in maturing eryth- 


marized in permits calculation of 
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rons, and corresponding hemoglobin synthesis is shown 
in Appendix B. The simple model is seen to be a special 
case of the more general storage model when a,; = 0. 
The rate of hemoglobin synthesis can be calculated 
from the daily amount of iron fixed irreversibly in ma- 
turing erythrons, using the relation: 1 g hemoglobin con- 
tains 3.4 mg iron. This involves the assumption that the 
iron present in mature erythrocytes is almost entirely in 
hemoglobin. The calculation of hemoglobin synthesis 
involves measurement of the initial slope, r,, and total 
plasma iron, X,, measured during the initial 4 hour pe- 
riod of study. The assumption of steady state condi- 
tions implies that the initial plasma iron turnover, a. X,, 
is equal to the average turnover during the 2 week period 
of study. The concentration of iron in plasma of normal 
subjects varies daily, being approximately 15 per cent 
less at the end of the day before sleep than at the be- 
ginning of day after rising (31, 32). Plasma iron turn- 
over, however, is probably more constant, since this is 
almost entirely determined by the uumber of erythrons 
and storage iron present. Plasma iron turnover in normal 
subjects is relatively constant throughout the wide range 
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to plasma and early equilibration of plasma radioiron at a constant level. 


Re 
| 
aN 
A 
) ( 
| 
5 0° 
om 
6 5 2 3 4 
hemoglobin = a,, + erythropoietic labile 
x,= Ae’ +Be* +Ce 
0.00 
0 4 8 12 
9.) "Normal " 
* 
> 
J =. °°. ? © © % 
won 
3 
Doys Doys 
| 
3 


QUANTITATION OF IRON KINETICS AND HEMOGLOBIN SYNTHESIS 


of plasma iron concentration of 70 to 170 wg per 100 ml, 
the fraction of plasma iron removed per hour increasing 
as total plasma iron decreases, thereby maintaining a 
constant product. 

The mean life span of the erythron is estimated by the 
ratio of total hemoglobin to daily hemoglobin breakdown. 
The latter is calculated from the rate of hemoglobin syn- 
thesis and the change, if any, in total hemoglobin (Ap- 
pendix B). The calculation of mean erythron life span 
involves the assumption that the average rate of hemo- 
globin breakdown, calculated from measurements during 
a 2 week period, remains constant during the life span 
of the erythron. Mean erythron life span in this con- 
text signifies the life span corresponding to the calcu- 
lated average rate of hemoglobin breakdown. The mean 
time interval between incorporation of iron into marrow 
erythrons and its appearance in circulating erythrocytes 
is designated as the mean effective erythron hemoglobini- 
sation time (MEEHT). The method of calculating 
cumulative net incorporation of radioiron into maturing 
erythrons and MEEHT is presented in Appendix C. 
The simpler mathematical model (Figure 5) in which 
plasma iron exchange with storage pools is neglected 
can be applied, not only to normal subjects, but to a 
variety of conditions in which the normal pattern of iron 
flow from plasma to marrow to erythrocytes occurs. 
This includes iron deficiency anemia, primary or sec- 
ondary polycythemia, and most hemolytic anemias (21, 
22, 33, 34). Premature re-entry of radioiron into plasma 
results whenever erythron hemolysis occurs, whether in 
marrow (associated with increased MEEHT) or subse- 
quent to erythron entry into the circulation [frequently 
associated with delayed increase of splenic counting rate 
above its initial level; cpm per cpm, >1 (22)]. In 
hemolytic anemias, feedback of radioiron from destroyed 
labeled erythrocytes to plasma results in a progressive 
decrease of the negative plasma radioiron slope (which 
may even become positive in severe hemolysis), terminat- 
ing in a constant equilibrium level (22). Under these 
circumstances, the exponential components may be ap- 
proximated by subtraction of the minimal value from 
the preceding curve. 

This mathematical treatment of hemolytic feedback is 
a simple approximation that is very useful and yields re- 
sults that agree closely with more complex and precise 
methods. The approach is not rigorous, since it is ap- 
parent that feedback of radioiron from hemolyzed eryth- 
rons to plasma is not present at a constant level from 
time of injection through the entire 2 week period of 
study. Detailed analysis of this problem, with evalua- 
tion of the hemolytic component will be presented sepa- 
rately, together with results obtained in studies of pa- 
tients with hemolytic anemias (21). The term D[1— 
o(t)], =1 at and ¢(t) =0 at t= (Figures 
5, 11) represents the component of plasma radioiron re- 
sulting from hemolysis. A simple approximation is ob- 
tained by setting ¢(t) =0, D being the measured final 
constant value of plasma radioiron. This simplification 
alters the calculated rate of hemoglobin synthesis and 
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derived mean erythron life span by less than 10 per 
cent, as compared with values derived from use of 
D{i — 

Feedback of radioiron from relatively fixed stores to 
plasma becomes appreciable in 14 to 21 days. Considera- 
tions similar to those discussed for hemolytic feedback 
apply, and x, = + Bets! + + Ell — 
(Figure 11b). Since the final ‘‘constant” plasma radio- 
iron level E, resulting from storage feedback, usu- 
ally occurs at a later time and a lower level than that 
resulting from hemolytic feedback, a smaller error (less 
than 5 per cent) is introduced by subtracting this con- 
stant minimal value from the preceding curve. A more 
rigorous and complex mathematical treatment of feed- 
back from relatively fixed stores (compartment 6 il- 
lustrated in Figure 6) will be presented separately. The 
amount of storage iron that is miscible in approximately 
3 weeks is calculated by relating the “constant” plasma 
radioiron level E to the fraction of injected radioiron de- 
posited in storage, 1—f, as shown in Appendix B. In 
the absence of hemolysis, radioiron continues to be slowly 
removed from storage reserve and is incorporated via 
plasma into circulating erythrocytes. The so-called con- 
stant plasma level E is, in fact, a slowly decreasing one, 
but with too shallow a slope to be evident during the 4 
to 5 week period of observations. 

All radioiron is initially in plasma, and 7 to 10 days 
later is normally almost entirely in circulating erythro- 
cytes. Initial surface radioactivity rates over liver, spleen, 
and marrow, cpm,, obtained by extrapolation back to t= 
0, are largely the result of radioactivity in plasma cir- 
culating through these organs. As _ radioiron leaves 
plasma and accumulates in marrow, splenic and hepatic 
counting rates usually fall, while the sacral counting rate 
rises rapidly. Subsequently, in vivo counting rates nor- 
mally return to their initial value, cpm), when almost all 
radioiron has returned to the blood (Figures 1, 4). For 
convenience, body surface radioactivity is not expressed 
as net radioactivity, cpm — cpm, X (fraction of radioiron 
in circulating blood), but rather as the ratio cpm/cpmy. 
Expressed in this way, hepatic and splenic radioactivity 
normally do not exceed 1, sacral radioactivity usually 
exceeds 2 within 4 hours, and all sites approximate 1 
within 10 days (Figure 4). Slow increase of surface 
hepatic radioactivity during the first 3 hours after in- 
jection, together with simultaneous slow disappearance of 
radioiron from plasma (small r,), is almost always the 
result of considerable iron exchange between plasma and 
stores (Figures 6, 7, 9); while relatively rapid initial 
hepatic accumulation of radioiron, comparable with the 
rate of normal sacral accumulation of radioiron, is as- 
sociated with hemoglobin synthesis in hepatic erythrons 
and subsequent decrease of hepatic radioactivity (2, 21, 
22). Slow initial increase of hepatic radioactivity (not 
present in patients with low concentration of iron in 
plasma) with confirmatory presence of a distinct third 
exponential component in the plasma radioiron curve, 
and subnormal incorporation of radioiron into circulating 


erythrocytes, indicates application of the storage ex- 
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change model (Figure 11). Unless there is gradual 
initial increase of hepatic radioactivity that persists (Fig- 
ure 9), the “normal flow” model is used (Figure 5). In 
so neglecting normal storage iron deposition, not more 
than a 10 per cent error is incurred in calculating hemo- 
globin synthesis and mean erythron life span, as shown 
in the Discussion. Because of the experimental error 
(+ 5 per cent) involved in red cell volume determinations 
used to determine f, it does not seem advantageous to use 
the storage exchange model for more exact measurement 
of normal deposition of stored plasma iron. 

The storage exchange model involves the variable f, 
the maximal fraction of injected radioiron incorporated 
into erythrons. When hemolysis is absent, as is the 
case in 5 of the patients with hemochromatosis, f equals 
the measured maximal incorporation of radioiron into 
circulating erythrocytes (Figures 6 and 8). If erythrons 
are destroyed within the 10 day per‘od after incorporation 
of radioiron, then f is greater than maximal net incor- 
poration of radioiron into circulating erythrocytes. The 
occurrence of hemolysis usually is evidenced by cessation 
of the decrease in plasma radioiron and establishment of 
a constant equilibrium level in 10 days or less (21, 22, 
34). Plasma radioiron would not be expected to reach 
a constant level in less than 10 days whenever hemolysis 
is solely the result of a shortened finite erythrocyte life 
span longer than 10 days. Finite erythrocyte life span 
is here defined as the occurrence of erythrocyte destruc- 
tion with normal distribution about a definite time in- 
terval after erythron release into the circulation. 
currence of only this type of hemolysis is probably rare, 
since complete study of over 400 patients with shortened 
erythrocyte life span has demonstrated equilibration of 
plasma radioiron at a constant level within 10 days (21). 

This early stabilization of plasma radioiron is present 
in this study only in hemochromatotic Patient 59-70 with 


Oc- 


mild hemolysis resulting in a mean erythron life span of 
52 days; plasma radioiron in this patient attains a con- 
stant level by Day 9 (Figure 12). In this case f 
is greater than maximal erythrocyte net incorporation of 
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radioiron (Figure 12). To arrive at an estimate of f 
when significant hemolysis and plasma-storage iron ex- 
change are both present, surface measurements may be 
used as shown in Appendix E. Measurements of radio- 
iron in liver, spleen, marrow, blood, and occasionally 
lung, are used in an effort to account in rough approxi- 
mation for the distribution of radioiron in the body 
throughout the study. With rare exceptions it has been 
possible to do this in over 400 studies, including cases in 
which there is loss of radioiron by gastrointestinal bleed- 
ing or pulmonary bleeding (21, 28). These semiquan- 
titative estimates derived from surface counting allow 
better localization and quantitation of pathologic func- 
tion and are helpful in selecting the appropriate model 
and value for f used for quantitative analysis of plasma 
and erythrocyte radioiron data (Appendix E). Most 
patients with appreciable hemolysis, however, do not 
have appreciable plasma-storage iron exchange relative 
to plasma-erythropoiesis iron exchange, and the “normal 
flow” model is used—i.e., f = 1. 

When the storage exchange model involving the sum of 
three exponentials is used, the slopes and intercepts ob- 
tained from the plasma radioiron curves are quite sensi- 
tive to the curve-fitting employed. Although the values 
for compartment size and transfer rate are very sensi- 
tive to errors in the graphically determined slopes and 
intercepts, these changes are compensatory with respect 
to the amounts of iron transferred. For example, if at 
a given level of plasma radioiron, r, becomes greater, C 
also becomes larger, the calculated erythropoietic labile 
pool (X,) smaller, and the rate constants a, and a, be- 
come larger; the products a,,X, (iron fixed for hemo- 
globin synthesis) and a@,X, (iron feedback to plasma), 
however, remain relatively constant. Measurement of 
the rate of appearance of radioiron in circulating eryth- 
rocytes is very useful as an independent rough check of 
the applicability of the calculated transfer rate from the 
erythropoietic labile pool compartment (Y,) to the fixed 
erythron iron compartment (X,). This transfer rate 
into erythrons must be more rapid than the emergence 
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Hemochromatosis 
50 65.9kg 


cays 
Pernicious anemia 
Q 60 648kg 


Sickle cell anemia 


Percent injected Fe™ in 
circulating red-cell mass 


Days after i 
Fic. 13. CUMULATIVE NET 


IRON INTO ERYTHRONS AND CIRCULATING 
AND MEEHT. See Appendix C. 


INCORPORATION OF RADIO- 
ERYTHROCYTES 


of radioiron in circulating erythrocytes (Figures 1, 6, 12, 
13). Because of random errors in plasma data obtained 
at very low levels of radioactivity and errors involved 
in determining f, D(1—@¢), and E(1—vy), analysis of 
the plasma curve must be integrated with measurements 
of red cell, marrow, liver, and spleen radioiron to obtain 
the most accurate and meaningful results. 


RESULTS 


Results obtained in 13 normal subjects are 
shown in Table I. These include experimental 
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data obtained by direct measurements and calcu- 
lated intercompartmental rate constants, labile 
erythropoietic iron pool size, daily hemoglobin 
synthesis, mean erythrocyte life span, and mean 
effective erythron hemoglobinization time. The 
plasma radioiron curves of this group can be re- 
solved into two exponential components (Figures 
1, 2, 14). Using these slopes and their intercepts, 
the following average estimates are obtained in 
normal subjects: 32.5 mg of iron leaves plasma 
daily (a,,X,). Of this, 21.4 mg (a,;X,)—i.e., 
approximately two-thirds, or a,,/(a,3 + a,,)—is 
used for daily hemoglobin synthesis. Expressed 
in another way, the daily feedback of iron, 11.1 mg 
(a,,X.), from the labile erythropoietic pool (X,), 
mean value 84.9 mg, to plasma pool (X,), 
mean value 3.6 mg, is approximately one-third, 
a,,/(@, + a,,), of the amount of iron, 32.5 mg, 
daily entering the labile erythropoietic pool from 
plasma. Normal daily hemoglobin synthesis is 
6.3 +0.9 (1 SD) g per day (55 to 84 kg, weight 
range) or 1.3+0.2 g per L blood per day. As- 
suming a steady state, verified during the course 
of each individual studied, we calculate a mean 


erythrocyte life span of 117 + 7.5 days. The esti- 


TABLE I 


Data derived from normal subjects 


body 
MCHC* RCVt Hb 


Age, Sex, 
Subject Wt Het 


wo 


* Mean corpuscular hemoglobin concentration, 
t Red cell volume, 


Second 
plasma 
plasma Fe* 
iron slope slope 
SI BV Xi 


First 


Total plasina 


ue/ ml 
100 ml 


101 4,140 0.289 


5,590 0.266 


4,750 0.289 


4,490 0.289 


5,780 0.306 


5,000 0.231 


5,360 0 238 


4,460 0.210 


4,340 0.239 


5,550 0.266 


4,940 2,630 0.167 


5,730 3,380 0,289 


4,980 3,000 0.217 


5,010 2,810 0.254 


+0.039 


Erythrocytes 
0 
0 4 
days MEEHT : 
ails 
i8 466D2 M6 
Les nous injection of Fe ‘ 
: 
yrs kg g/ % % ml g hrs ml mg 
ai N- 1 62 75.0 14.0 42.4 0.33 1,540 509 2.25 ee ee 
N- 2 35 78.0 15.9 42.5 0.37 2,360 883 1.80 112 ee ; 
ee N- 3 28 66.8 15.4 44.0 0.35 2,090 731 1.83 144 ee j 
N-4 32 700 17.1 491 035 2,130 745 2.32 200 
yet N- 5 29 84.0 14.5 44.0 0.33 2,180 928 1.60 117 ee % 
N-6 26 15.2 449 038 2,180 7412.28 150 
% a N- 7 26 77.0 14.0 45.0 0.31 2,410 749 1.89 119 ee ess 
_< , N- 8 32 68.2 15.0 46.9 0.32 2,010 643 2.00 130 ee 
x io N -9 72 75.0 17.5 50.0 0.35 2,070 725 2.10 185 ee : 
i N-10 35 69.5 14.8 45.0 0.33 2,280 750 1.05 74 es eae 
N-11 24 63.5 16.2 48.0 0.34 2,310 785 1.62 100 
N-12 29 72.7 14.1 44.6 0.32 2,350 751 1.35 86 
3 N-13 33 of 54.8 14.0 43.4 0.32 1,980 634 2.31 136 CC : 
Mean 71.5 15.2 45.4 0.33 2,150 738 1.88 132 
sD +99 40,38 00.7 +24 
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TABLE I—(Continued) 


Erythro- Daily 
Second Fe poietic Fe 
plasma Intercompartmental leaving labile for Hb 
slope rate constants plasma/ iron synthe- 
inter- ~ ———_——-- day pool sis Daily hemoglo- 
cept C ai2 X2 bin synthesis MELSt MEEHT$§ 
Subject mg mg mg g g/L days days 
N- 1 0.0220 7.30 0.295 0.094 19.2 49.5 14.5 4.3 1.0 108 ts 
N- 2 0.0070 9.19 0.268 0.061 30.3 92.1 24.7 7.3 1.3 121 1.4 
N- 3 0.0200 8.91 0.295 0.170 37.4 80.4 23.8 7.0 105 1.4 
N- 4 0.0244 7.02 0.296 0.161 33.2 72.6 21.5 6.3 1.4 118 1.6 
N- 5 0.0120 10.28 0.309 0.118 36.0 83.0 25.6 7.5 3 124 il 
N- 6 0.0180 7.20 0.235 0.105 30.2 88.9 20.9 6.2 1.2 120 1.4 
N- 7 0.0200 8.83 0.242 0.171 33.5 81.2 19.7 5.8 i.1 129 1.3 
N- 8 0.0110 8.24 0.222 0.077 26.2 86.1 19.1 5.6 1.3 115 1.4 
N- 9 0.0180 7.79 0.244 0.133 32.7 86.7 Fe 4 6.2 1.4 117 1.3 
N-10 0.0092 15.66 0.268 0.141 37.4 91.4 24.5 72 1.4 104 1.6 
N-11 0.0130 10.17 0.169 0.130 42.7 143.0 24.2 7A 1.4 111 1.1 
N-12 0.0153 12.11 0.293 0.180 35.1 74.2 21.8 6.4 i 117 1.6 
N-13 0.0240 7.04 0.222 0.163 28.8 74.9 16.6 4.9 1.0 129 1.7 
Mean 0.0165 9.21 0.258 0.131 32.5 849 21.4 6.3 1.3 117 1.4 
SD +0.0054 +2.36 +0.039 +0.037 +5.7 +19.9 +3.2 +0.9 +0,2 +7.5 +0.2 


Mean erythrocyte life span. 

Mean effective erythron hemoglobinization time. 

mated MEEHT is 1.4+0.2 days. This quan- dogenous hemochromatosis are shown in Table II. 

tity is a measure of the time interval between in- These include directly measured experimental data 

corporation of iron into red cell precursors and and calculated intercompartmental rate constants, 

its release into the vascular system. labile erythropoietic and storage iron pools, daily 
Results obtained from six patients with en- iron storage deposition, miscible storage iron, 


Hours 
2 4 6 8 10 12 140 8 0 40 2 4 6 8 10 12 14 


fo) 
ro) 


Percent Fe°? remaining in plasma 


| 


Normal subject (N-4) 32 
427.2 
70.289 
c¢=0.0244 


Normal subject (N-/) 62 
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t= 0.289 

c= 00220 
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r= 0.239 
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daily hemoglobin synthesis, mean erythrocyte life 
span, and MEEHT. The plasma radioiron curves 
in these patients may be resolved into three expo- 
nential components (Figures 6, 7, 10). Using 
the slopes and their intercepts, the following av- 
erage estimates are obtained in patients with en- 
dogenous hemochromatosis : 51.9 mg of iron leaves 
plasma daily [(a@,, + @,,;)X,], of which 24.7 mg 
(a,,X,), or 48 per cent, is used for hemoglobin 
synthesis, and 18.0 mg per day (a,,X,) goes into 
stores. The labile storage iron pool is 15.6 mg, 
approximately twice the plasma iron pool of 7.0 
mg. Miscible storage iron in the four patients 
with advanced hemochromatosis without hemolysis 
averages 4,980 mg as compared with 820 mg in 
Although 
only 58 per cent of the radioiron is incorporated 


the young prehemochromatotic patient. 


into circulating erythrocytes, hemoglobin is syn- 
thesized at a normal rate of 7.2 g per day or 1.4 g 
per L per day. 
life span is calculated to be 108 days. 
mated MEEHT is 1.6 days. 

The compatibility of the predictions of the 


Corresponding mean erythrocyte 
The esti- 


mathematical models with the experimental re- 
sults was demonstrated by an analog computer. 
Intercompartmental rate constants were calculated 
from observed data using the formulae in Ap- 
pendix D and inserted into the analog computer 
in both the “storage exchange” and “normal flow” 
models. The resultant radioiron curves obtained 
in plasma, labile erythropoietic, and labile storage 
compartments in the analog computer reproduce 
within 5 per cent the observed radioiron curves in 
plasma, sacral marrow, and liver. 


DISCUSSION 


Mathematical analysis of the proposed general 
model (Figure lla) predicts that tracer radioiron 
within the plasma iron compartment should de- 
crease with three exponential components when 
feedback from erythropoietic and storage pools is 
significant. More than two components are clearly 
present in the measured plasma radioiron of pa- 
tients with hemochromatosis in whom significant 
exchange of iron between plasma and _ storage 
compartments is demonstrated by striking hepatic 
deposition of radioiron (Figures 6, 9, 10). When 
plasma iron transfer into the storage compart- 
ment is negligible, then the general model re- 
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duces to the simpler one (Figure 5a) in which ex- 
ponential decrease of plasma radioiron contains 
Measurements of plasma 
radioiron in normal subjects, in whom hepatic 
deposition of radioiron is small, demonstrate only 
two easily distinguishable exponential components, 
x, = + Ce! (Figures 1, 2, 5, 14). Pa- 
tients with complete erythroid aplasia also dem- 
onstrate only two components of plasma radioiron ; 


only two components. 


the slope of the second component, however, cor- 
responds in magnitude to r,, and r, is absent (21) ; 
plasma radioiron, +, = Ae™ + Be (Figure 15). 
Using these models, the calculated rates of hemo- 
globin synthesis, when related to measured total- 
body hemoglobin, result in estimates of erythro- 
cyte life spans in normal subjects and _ patients 
with hemochromatosis within the 
previously established normal range of 100 to 130 
days (17, 19). There was one exception, a pa- 
tient (59-70) with endogenous hemochromatosis 


endogenous 


ERYTHROID APLASIA 
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The rapid exponential component is 
slower than normal while the second exponential storage 
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QUANTITATION OF IRON KINETICS AND HEMOGLOBIN SYNTHESIS 


whose plasma radioiron remained constant after 
Day 9 of the study (Figure 12). This corre- 
sponds to the “hemolytic” plasma radioiron pat- 
tern of Figure 11. The mean erythron life span 
of this patient with the “hemolytic” pattern, de- 
rived from rate of hemoglobin synthesis and meas- 
urements of circulating hemoglobin, was reduced 
to 52 days. All of the other 18 subjects (13 nor- 
mal, 5 endogenous hemochromatosis ) showed con- 
tinued decrease of plasma radioiron at Day 10 
(Figures 2,7). 

Patient 60-9, with endogenous hemochromato- 
sis, was venesected 10 days before the study began. 
Hemoglobin synthesis in this patient was in- 
creased to 11.4 g per day, or 1.6 g per L per day, 
as compared with 1.3 + 0.2 g per L per day in 
normal subjects and 1.4 + 0.2 g per L per day in 
the other hemochromatotic patients without he- 
molysis. Relating this increased rate of hemo- 
globin synthesis to total hemoglobin (759 g) and 
its increase during the study (4.8 g per day), a 
mean erythron life span of 114 days was obtained. 
This demonstrates increased production of eryth- 
rocytes with normal longevity in response to 
venesection. 

Miscible storage iron in the four patients with 
advanced endogenous hemochromatosis without 


hemolysis averaged 4,980 mg. Hepatic ferritin, 


calculated from data obtained in three patients 
with endogenous hemochromatosis studied by 
Finch and Finch (23), averaged approximately 


2,300 mg. Assuming that the liver contains al- 
most half the total storage iron (30) and that fer- 
ritin is distributed in approximate proportion to 
hemosiderin, the value of 4,980 mg obtained for 
miscible storage iron is not significantly in ex- 
cess of estimated total ferritin in these patients. 
It thus appears that very little of the radioiron de- 
posited in storage is fixed in hemosiderin during 
the 4 week period following injection of radioiron. 
Using a hepatic hemosiderin: ferritin ratio of 4.5 
derived from the data of Shoden, Gabrio and 
Finch (35) and Finch and Finch (23) and equat- 
ing ferritin to miscible storage iron, mean total 
storage iron of 27,400 mg is calculated for the 
four patients of this study. Using a hepatic hemo- 
siderin : ferritin ratio of 10.6 derived irom the data 
of Heilmeyer in five patients with hemochromato- 
sis (36), total storage iron of 57,700 mg is calcu- 
lated for these four patients. Miscible storage 
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iron in the fifth patient, 22 years old and classified 
as prehemochromatotic, is only 820 mg. Assum- 
ing that this corresponds to ferritin, and using a 
smaller hemosiderin: ferritin ratio of 2.0 (35), 
calculated storage iron in this patient is only 
moderately increased to 2,460 mg; using the data 
of Heilmeyer, 4,670 mg. Miscible storage iron 
was not calculated in the sixth patient (59-70) 
with hemolysis, in whom a relatively high equilib- 
rium level of plasma radioiron derived from eryth- 
ron hemolysis is present (D+ E, Figure 12). 
This is superimposed upon the lower equilibration 
level of storage pool radioiron with plasma (E, 
Figure 10) so that storage equilibration could not 
be measured directly. 

The mean erythron life span is calculated as the 
ratio of total hemoglobin to daily hemoglobin 
breakdown, assuming that measured erythrocyte 
kinetics of the measured 
throughout their life span. Chromium*! and 
DFP* (P**-diisopropyl fluorophosphate ) label the 
population of circulating erythrocytes. 
lation of erythrocytes with skewed distribution of 


is characteristic cells 


If a popu- 


potential life spans is released from the marrow, 
these cells do not have proportional representation 
in the circulation. At any given time the circu- 
lating blood will contain relatively fewer short- 
lived erythrons and, conversely, many more long- 
lived erythrons than does the population originally 
released from the marrow. If destruction is not 
entirely random, numerical representation of cir- 
culating erythrons becomes weighted in propor- 
tion to longevity. On the other hand, the radio- 
iron method presented measures mean erythron 
life span from the time of fixation of radioiron in 
maturing erythrons, beginning with the proery- 
throblast (37, 38). 
measured in this way is comparable with mean 
survival of the population of circulating erythrons, 
as determined with the Ashby, DFP*® or Cr® 


Mean erythron life span 


techniques, only when erythron destruction is 
random or distribution 
about a definite time interval (21). When de- 
fective erythropoiesis results in marrow hemolysis 


occurs with a normal 


of maturing erythrons or release into the circula- 
tion of a skew population, measurement of the 
circulating erythrons will result in survival times 
which are considerably longer than the mean 
erythron life span. A more detailed consideration 
of these problems together with observations in 
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patients with hemolytic anemia will be presented 
elsewhere. 

Analysis of earlier ferrokinetic models used for 
calculating red cell iron turnover and rate of he- 
moglobin synthesis (1, 2) suggests two reasons 
for the lack of agreement. The earlier proposal, 
that rate of iron fixation in erythrocytes is equal 
to the product of the rate of plasma iron removal 
and the fraction of radioactive iron found in cir- 
culating erythrocytes, #mplies a linear progression 
of radioiron from plasma to marrow to red cells 
without significant feedback. When the return 
of iron from labile erythropoietic and storage iron 
pools is neglected, an erroneously large rate of 
iron fixation in erythrocytes is estimated. In 
these normal subjects this error averages 52 per 
cent, while in the patients with endogenous hemo- 
Another dif- 
ficulty arises from equating the maximal fraction 
of radioiron present in circulating erythrocytes 
with the maximal fraction of radioiron fixed in 
This difference becomes 


chromatosis it averages 22 per cent. 


maturing erythrons (f). 
significant in active hemolytic states where maxi- 
mal net incorporation of radioiron into circulating 
erythrocytes may be as little as 35 per cent (21), 
without appreciable initial hepatic deposition of 
radioiron. Under these circumstances, multipli- 
cation of plasma iron turnover by maximal net 
fraction of radioiron in circulating erythrocytes 
results in an erroneously small rate of iron fixa- 
tion in erythrocytes. If, for example, in a patient 
with negligible plasma-storage iron exchange and 
severe hemolytic anemia (a, + a,,)/a., = 6/5 
and maximal nef incorporation of radioiron into 
circulating erythrocytes is one-third, then iron 
fixation in erythrons as calculated by multiplying 
plasma iron turnover by maximal net incorpora- 
tion of radioiron into circulating erythrocytes 
would be only 40 per cent (6/5 * 1/3 x 100 per 
cent) of the actual iron fixation in erythrons. 

In terms of the proposed mathematical models, 
initial accumulation of radioiron in sacral mar- 
row is largely the result of transfer and equilibra- 
tion of radioiron between the plasma and labile 
erythropoietic pools. If this marrow uptake, mir- 
roring disappearance of radioiron from plasma 
and normally almost complete in 8 hours (Fig- 
ures 1, 4), represented irreversible intracellular 
fixation of radioiron, then release of radioiron 
from marrow and its appearance in circulating 
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erythrocytes would correspond to the division and 
maturation times of the various stages of eryth- 
ron development in which iron is fixed. Since 
total division and maturation time of erythrons is 
estimated to be 2.5 to 3.0 days (39, 40), marrow 
release and appearance in circulating erythrocytes 
of radioiron would be complete in approximately 
3 days. The observed time of 7 to 10 days re- 
quired normally for maximal incorporation of 
radioiron into circulating erythrocytes (Figure 
3) is consequently incompatible with the assump- 
tion that initial marrow accumulation of radio- 
iron occurs by irreversible intracellular fixation in 
marrow erythrons. If, on the other hand, a non- 
erythropoietic labile pool (also a nonstorage labile 
pool, as shown by absence of considerable hepatic 
accumulation of radioiron) is postulated to supply 
radioiron to marrow via plasma at the appropriate 
rate, then sacral marrow radioiron accumulation 
would be much more gradual and reduced than 
that observed (Figure 4). 

The concept of a labile erythropoietic pool is 
central to the proposed mathematical models. 
These models were first presented in 1956 (5, 6). 
At that time no morphologic or biochemical entity 
corresponding to such a pool had been observed. 
Sone marrow hemosiderin and ferritin were and 
still are considered part of the iron storage com- 
partment. 1957, and 
3reton-Gorius, using electron microscopy, dem- 
onstrated that ferritin may be transferred by mi- 


Subsequently in Jessis 


cropinocytosis from reticulum cells and extracel- 
lular fluid into the cytoplasm of maturing eryth- 
rons or, possibly, the reverse sequence occurs 


(41-43). It is well established that ferritin is a 
labile form of iron in equilibrium with ionic iron: 
Fe*** + apoferritin = ferritin (36, 44-51). Since 
it is known that plasma iron is bound to transfer- 


rin (52, 53), the following over-all equilibrium is 
present : transferrin — Fe = transferrin + Fe*** + 
apoferritin ferritin. It seems unlikely, how- 
ever, that marrow ferritin constitutes the labile 
erythropoietic pool. Approximately half of the 
total storage iron is estimated to be present in 
marrow (30). In normal individuals ferritin and 
hemosiderin iron are approximately equal; usu- 
ally slightly more ferritin than hemosiderin is 
present (23, 35). Marrow ferritin may thus 
normally represent one-half of total ferritin and 


one-quarter of total storage iron. Return of ra- 
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dioiron from miscible storage iron to plasma is 
quite slow, becoming appreciable only after 14 days 
(Figure 7). Miscible storage iron is probably 
composed largely of ferritin, since it corresponds 
closely in magnitude to estimated total ferritin. 
Ferritin, then, appears to exchange with plasma 
relatively slowly, and hence does not exhibit the 
very high degree of lability of the labile erythro- 
poietic pool. A more probable conjecture is that 
the labile erythropoietic pool consists of iron re- 
versibly bound to the maturing erythron mem- 
brane, thereby being in a position to equilibrate 
rapidly with plasma, yet being simultaneously 
available for intracellular fixation in heme syn- 
Sondhaus and Thorell recently 
shown by microspectrographic study of individual 
salamander erythrons that the ratio of nonheme 
iron (probably Fe*t*) to hemoglobin iron ex- 
ceeded 20 in the youngest cells and was approxi- 
mately 2 from the time hemoglobin synthesis was 
one-third complete until maturity (54). Walsh 
and associates have suggested that the reticulo- 


thesis. have 


cyte membrane functions as an intermediate link 
between plasma transport and heme synthesis 
(55). 
shown in man that iron bound to transferrin is 
actively transferred to the reticulocyte membrane, 
but not to mature erythrocytes (56). After incu- 
bation at 37° C for 2 hours of reticulocytes with 
Fe®*®-transferrin, approximately half of the reticu- 
locyte Fe®® was associated with the reticulocyte 
membrane as nonheme iron, the other half was 
present in the cell interior, mostly as heme iron. 
The uptake of iron by reticulocytes was shown 
not to be primarily linked to heme synthesis. 
Pb** (10° M) blocked iron incorporation into 
heme without reducing iron transfer, with result- 
ant accumulation of iron on the reticulocyte 


Jandl, Inman, Simmons and Allen have 


membranes, 

The erythropoietic labile pool, as calculated in 
this study, is decreased or absent in anemias with 
erythroid hypoplasia or aplasia (21). This find- 
ing would be expected if the erythropoietic labile 
pool consists of iron bound to membranes of im- 
mature erythrons. This hypothesis is also sup- 
ported by preliminary measurements in our labora- 
tory of canine marrow and human and_ rabbit 
reticulocytes (21). In normal dogs, 8 hours af- 
ter most of the tracer plasma radioiron had ac- 
cumulated in marrow, approximately half of the 
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marrow radioiron was present as erythron non- 
heme radioiron. The nonheme radioiron was as- 
sociated chiefly with the erythron membrane, while 
most of the heme radioiron was present in the 
erythron interior. Heme radioiron was deter- 
mined in human circulating erythrons by measur- 
ing the specific activity of doubly crystallized 
heme. These measurements were made at varying 
The per- 
centage of erythron radioiron present in heme was 
found to be 43 per cent at Day 1, 56 per cent at 
Day 2 and 98 per cent at Day 14. 
are in close agreement with the independently 
calculated rate constant for transfer from the la- 
bile pool to fixed iron in erythrons, a,, = 0.49. 


In an untreated patient with iron deficiency and 


intervals during an iron kinetic study. 


These values 


polycythemia vera this transfer was greatly ac- 
celerated, with 78 per cent at 2.7 hours and 94 per 
cent at 1 day of erythron radioiron present in 
heme; these values are in agreement with the in- 
dependently calculated a,,= 17. Human and 
rabbit reticulocytes were labeled in vivo by trans- 
fer of tracer radioiron from plasma transferrin. 
Incubation of the washed, labeled reticulocytes in 
plasma for 1 hour resulted in transfer of up to 
17 per cent of the reticulocyte radioiron back to 
plasma (but not to acid citrate dextrose solution), 
thereby demonstrating the lability of iron in im- 
mature erythrons. 

The application of this model in normal sub- 
jects provides estimates of hemoglobin synthesis 
which correspond to well accepted values for nor- 
mal life span of circulating erythrocytes (17-20). 
Since iron absorption is roughly equivalent to 
daily iron loss of 1.2 mg per day (57-67), net 
iron removed from plasma for hemoglobin syn- 
thesis, 21.4 mg per day, under steady state condi- 
tions |Table I: a,,X, (32.5 mg per day)— a@.,X, 
(11.1 mg per day) | must enter plasma directly or 
indirectly from destroyed red cells. It follows 
that—unless the life span of normal circulating 
erythrocytes is significantly shorter than the finite 
life span well established by previous studies of 
Ashby, Eadie and Brown, and Pollycove and co- 
workers (17-20), thereby releasing more than 21 
mg iron per day for fixation in maturing eryth- 
rons—only insignificant amounts of iron from 
circulating erythrocytes could bypass plasma (via 
breakdown of circulating erythrocytes to ferritin 
within marrow reticulum cells and subsequent 
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Fic. 16. 
TION IN PATIENTS WITH 


IN PLASMA 
ANEMIA. 


AFTER INTRAVENOUS INJEC- 
Plasma radioiron of patients 


with severe anemia in relapse reaches a minimal value within 1 day and 


subsequently increases. 
and sustained decrease of Fe™. 


Administration of vitamin B,, is followed by rapid 
Plasma radioiron of patients with borderline 


anemia equilibrates at a constant level within 6 days. 


direct transfer of this ferritin from cytoplasm of 
reticulum cells into cytoplasm of immature eryth- 
rons ) (43 
from normal destruction in the marrow of a small 


It is conceivable, however, that iron 


fraction of maturing erythrons is complexed to 
ferritin in marrow reticulum cells, and then rein- 
corporated into other erythrons, without entering 
plasma or labile erythropoietic compartments. 
This breakdown of hemoglobin during erythron 
maturation was first suggested by the findings of 
london, West, Shemin and Rittenberg (68) and 
Gray, Neuberger and Sneath (69) to explain 
the early presence in normal subjects of a rela- 
tively high specific activity of N’*-stercobilin at a 
time when specific activity of circulating N*- 
hemin is low; 11 to 20 per cent of total N*°-sterco- 
bilin being recovered in the initial 8 day period 
following ingestion of N*'*-glycine. Other ex- 
planations of this finding suggested by these work- 
ers are that the stercobilin may be derived from 
porphyrins not synthesized into hemoglobin or 
from bile pigment not derived from degradation 
of a porphyrin ring. When erythron hemolysis 
occurs in marrow, erythroblastic (or megaloblas- 


tic) karyorrhexis and erythrophagocytosis (70- 
72) and characteristic uniformity of hemosiderin 
granulation (73) are seen. The erythrophago- 
cytosis results from the death of erythrons. It 
is doubtful that viable erythrons are phagocytized 
(71). This occurs in pernicious anemia, ery- 
thremic myelosis, refractory anemia with eryth- 
roid hyperplasia, and thalassemia major (73, 74). 
The mean effective erythron hemoglobinization 
time in these disorders is prolonged markedly 
(Figure 13), and plasma radioiron stabilizes in 2 
days or less at a high equilibrium level (Figures 
5b, D; 16); parenteral administration of vitamin 
B,, to patients with pernicious anemia in relapse 


results in a prompt exponential decrease of plasma 
These observations sug- 
gest that there is relatively little shunting of plasma 
by iron via the pathway: reticulum cell erythro- 
phagocytosis > reticulum cell ferritin — micro- 


radioiron (Figure 16). 


pinocytosis > erythron ferritin. Two female pa- 
tients with clinically mild pernicious anemia were 
studied. The hemoglobin concentrations were 12.8 
and 11.3 g per 100 ml; the hematocrits, 39 and 37 


per cent, and red blood cells 3.8 and 3.7 million 


100 

: 

> 

° 

= 

Bi 

0 2 4 6 22 24 

- 

‘ 


QUANTITATION OF IRON KINETICS AND HEMOGLOBIN SYNTHESIS 


per mm*. Plasma radioiron in both cases stabilized 
at a constant equilibrium level in 6 days (Figure 
16), in contrast to the exponential decrease of ra- 
dioiron for approximately 14 days in all 13 normal 
subjects (Figures 1, 2, 14). These observations 
suggest that in normal subjects there is no sig- 
nificant destruction of maturing erythrons with 
direct reincorporation of all recovered iron, thereby 
bypassing plasma and labile erythropoietic iron 
compartments. 

There remains the possibility that iron irrevers- 
ibly fixed in marrow erythrons constitutes the la- 
bile erythropoietic pool. If this obtained, then 
approximately one-third of all iron fixed in eryth- 
rons would normally be quickly returned to plasma 
as a result of destruction of maturing erythrons 
and only one-quarter of the total number per day 
(a, = 0.258, Table 1) would survive to mature and 
enter the circulation without destruction, This 
degree of destruction is not compatible with the 
N"-stercobilin measurements of London (68) and 
Gray (69) and their colleagues nor with morpho- 
logic examinations of normal marrow (70-73). 
Iron is chelated very tightly to transferrin so that 
no significant dissociation occurs (52, 53). This 
precludes the possibility that significant amounts 
of dissociated Fe®* escape through the capillary 
walls and become bound to extravascular protein. 
One must consider the possibility that a consider- 
able fraction of Fe°*-transferrin transfers into the 
extravascular fluid and that re-entry of radioiron 
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LRON 


PLASMA 


IRON KINETICS 
EXCHANGE 
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into plasma occurs from this extravascular pool. 
Transferrin exchange with extravascular extra- 
cellular fluid, however, is relatively slow, the half- 
time being approximately 30 hours (75, 76). This 
is quite long compared with 2.5 hours, the longest 
half-time of initial plasma radioiron decrease ob- 
served in patients with hemochromatosis. Less 
than 10 per cent of the radioiron transfers to ex- 
tracellular fluid in this patient and approximately 
only 5 per cent in normal subjects. This is insuffi- 
cient to explain the prolonged appearance of radio- 
iron in circulating erythrocytes if all erythron ra- 
dioiron were irreversibly fixed. 

Measurements of surface radioactivity in nor- 
mal subjects show that as radioiron is removed 


from plasma, hepatic radioactivity usually de- 
creases or, at most, remains constant (Figures 1, 
4). Uptake of radioiron in rib marrow and, to a 
slight extent, vertebral marrow also contributes 
to the “hepatic” counting rate. This means that, 
normally, maximal deposition of radioiron in liver 
is less than radioiron initially present in hepatic 
plasma. Since liver contains approximately half 
of the body iron stores (30), and on the assump- 
tion that blood comprises approximately 18 per 
cent of liver (1,500 g) (77, 78), we estimate 
that maximal iron deposition in stores is less than 
10 per cent of total fixation of plasma iron in nor- 
mal subjects. Measurements of net incorporation 
of radioiron into erythrocytes are in close agree- 
ment with this estimate (Figures 1, 3). The av- 
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NORMAL 


MARROW 


mg. 


STORAGE 
1000 mg. 


4 mg. 


IRON KINETICS 


Erythrons 
30 mg. 


Labile pool 


PLASMA 
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Fic. 18. NorMAL DISTRIBUTION OF IRON IN VARIOUS COMPARTMENTS. 


erage daily fixation of iron in maturing erythrons 
is 21.4 mg per day in normal subjects; storage 
iron deposition is estimated to be less than one- 
tenth this amount, or between 0 and 2 mg per day. 
Relating MEEHT of 1.4 days to daily fixation of 
iron in maturing erythrons, 21.4 mg per day, re- 
sults in a total amount of 1.4 x 21.4= 30.0 mg 
of iron irreversibly fixed in maturing erythrons. 
From these considerations, the observations and 
results presented in Tables I and II, and estab- 
lished data concerning body iron stores (47), iron 
absorption (58-67), iron excretion (57, 60), and 
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55 mg /day 


55 mg/day 


PLASMA 


plasma globulin exchange with extracellular fluid 
(75, 76), the main pathways and compartments 
may be represented as in Figures 17 and 18, 
Corresponding pathways and compartments in 
patients with endogenous hemochromatosis with- 
out hemolysis are illustrated in Figures 19 and 20. 

Mean effective erythron hemoglobinization time 
is the mean time interval between fixation of ra- 
dioiron in maturing erythrons and appearance of 
radioiron in circulating erythrocytes. This is 
shown in Figures 1, 6, and 13 and calculated in 


Appendix C. Radioiron enters and is fixed in 
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ENDOGENOUS HEMOCHROMATOSIS 


Ferritin MARROW Erythrons 
Labile pool 30 mg 
110 mg 


ERYTHROCYTES 


PLASMA 
7 mg 


maturing erythrons at all stages of development. 
The amount of radioiron per cell is high for young 
cells and low for older ones (37, 38). However, 
many more erythrons at the later stages of devel- 
opment are present. Consequently, the mean time 
intervals from fixation to appearance in circulating 
erythrocytes (mature erythrons) is probably 
comparable in magnitude with a mean hemoglo- 
binization time averaged over all stages of de- 
velopment. Total division and maturation time 
for erythrons, 2.5 to 3.0 days, has been estimated 
from mitotic counts and ratios of cell counts of 
erythrons of varying maturity (37, 38). Since 
radioiron enters maturing erythrons at all stages 
of development, the MEEHT may be expected to 
be roughly of the order of one-half total erythron 
division and maturation time. MEEHT of 1.4 + 
0.4 days in normal subjects and 1.6 days in pa- 
tients with endogenous hemochromatosis were 
calculated. These are approximately one-half the 
total erythron division and maturation time. 

The delay of radioiron incorporation into circu- 
lating erythrocytes which is seen in patients with 
hemochromatosis probably is not the result of he- 
molysis of maturing erythrons, delayed erythron 
maturation, or increased intermitotic interval, 
since MEEHT is normal. The most probable 
cause of the delay is the increased time required 
for removal of radioiron from the increased labile 
iron pool (Figure 13, Appendix C). Conversely, 
when erythropoiesis is greatly increased, abnor- 


Fic. 20. DistTRIBUTION OF IRON IN VARIOUS COMPARTMENTS IN PATIENTS 
WITH ENDOGENOUS HEMOCHROMATOSIS. 


mally rapid incorporation of radioiron into circu- 
lating erythrocytes probably is not the result of 
shortened erythron maturation, decreased inter- 
mitotic interval, or a decrease in normal destruc- 
tion of maturing erythrons as suggested by Stohl- 
man (79), since MEEHT is normal (Figure 
13, sickle cell anemia) (21). Early delivery into 
the circulation of a large fraction of reticulocytes 
and a few nucleated erythrons could conceivably 
shorten total division and maturation time in the 
marrow by as much as a full day. Since radioiron 
is fixed in maturing erythrons at all stages of de- 
velopment, the mean time for radioiron to appear 
in circulating erythrocytes could be shortened in 
this way by only one-half or, at the very most, 
three-quarters of a day. Early release of maturing 
erythrons cannot be the major factor in reduction 
of mean time required for appearance of circu- 
lating radioiron from 4 days in normal subjects to 
2 days in patients with greatly increased erythro- 
poiesis (Figure 13, sickle cell anemia). Rapid in- 
corporation of radioiron into circulating erythro- 
cytes is probably largely the result of rapid fixa- 
tion of radioiron in maturing erythrons—i.e., a, 
is increased, in accordance with the proposed 
mathematical model (Figure 13, sickle cell anemia, 
Appendix C). When this occurs, and the mean 
effective erythron hemoglobinization time is nor- 
mal—i.e., marrow hemolysis is absent—labeling 
of erythrons may be complete in a fraction of a 
day, and the time interval between the maximal 
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net incorporation of radioiron into erythrons and 
maximal net incorporation into circulating erythro- 
cytes furnishes a good estimate of the time re- 
quired for the earliest labeled cell, the proerythro- 
blast (37), to divide, mature, and enter the blood. 
This time interval is approximately 3 days, as 
shown in Figure 13, sickle cell anemia, and is not 
appreciably shortened even in the most severe he- 
molytic anemias (21, 22). 
compatible with the concept that compensatory in- 


These observations are 


creased erythropoiesis is the result of increased 
division of erythroid precursors more immature 
than proerythroblasts, or increased differentiation 
of multipotential stem cells into erythroid pre- 
cursors which then proceed to divide and mature 
in normal fashion, as proposed by Osgood (80), 
Alpen and Cranmore (81) and Erslev (82). 
Markedly increased amounts of N'®-stercobilin 
in the first week after ingestion of N**-glycine 
(83) and markedly increased marrow erythro- 
phagocytosis (70-72) have been observed in pa- 
tients with pernicious anemia. These observa- 
tions indicate that marrow hemolysis of maturing 
erythrons, not prolonged erythron maturation or 
increased intermitotic interval, is responsible for 
the marked increase of mean effective erythron 
The term, 
mean effective erythron hemoglobinization time, 


hemoglobinization time (Figure 13). 


is used because, when hemolysis occurs in marrow, 
the time interval between initial fixation of some 
radioiron in maturing erythrons and the appear- 
ance of this label in a cell that reaches the circu- 
lation may span two or more passages through 
the marrow maturational pathway (21, 22, 34, 70, 
73, 84). 

The calculated amounts of miscible storage iron 
in the patients with endogenous hemochromatosis 
correspond closely with estimates of total ferritin 
derived from direct measurements of hepatic fer- 
ritin (23, 35). The amount of iron calculated to 
be present normally in the labile erythropoietic 
pool (84 mg) lies well within the accepted nor- 
mal range of 750 to 1,500 mg of total-body non- 
hemoglobin iron (47). The labile erythropoietic 
pool was found to be increased to a mean of 117 
mg in the 6 patients with endogenous hemochro- 
matosis and reduced markedly in 11 patients with 
iron-deficiency anemia to a mean of 14 mg (8, 21, 
22). In these iron-deficient patients the mean 
fraction of labile pool turnover fed back to plasma, 


a,,/(a., +a,,), is 0.066 (8, 21, 22), compared 
with a normal mean of 0.342. This suggests that 
the fraction of the total amount leaving the labile 
pool that is not utilized for hemoglobin synthesis 
is greatly decreased when the pool size is very 
small. The distribution and movement of iron, as 
calculated from mathematical application of the 
proposed model, appears consistent with estab- 
lished data concerning erythrocyte life span, total- 
body nonhemoglobin iron, erythron division and 
maturation time, and concepts regarding mass 
action equilibria. 


CONCLUSIONS AND SUMMARY 


A mathematical model of iron kinetics is pro- 
posed and used in the study of 13 normal sub- 
jects and 6 patients with endogenous hemochroma- 
tosis. Of central importance to this model is the 
concept of a labile erythropoietic iron pool inter- 
posed between iron bound to transferrin in plasma 
and iron irreversibly fixed in erythrons for heme 
synthesis. This model is applied to measurements 
of radioiron in plasma, circulating red cells, and 
surface counting rates over liver, spleen, and mar- 
row. ‘Together with measurements of plasma 
iron concentration and red cell volume, this per- 
mits calculation of hemoglobin synthesis, mean 
erythron life span, mean effective erythron hemo- 
globinization time, storage iron deposition, and 
miscible storage iron. Results are presented that 
are in agreement with established concepts con- 
cerning the life span of normal erythrocytes, 
erythron maturation, and body iron stores. In- 
creased storage iron deposition, miscible storage 
iron, and plasma iron removal were evident in all 
hemochromatotic patients. Hemoglobin synthe- 
sis and erythron life span were normal in five pa- 
tients with hemochromatosis; one was found to 
have compensated hemolysis. Erythron hemoly- 
sis, whether in marrow, or subsequent to erythron 
entry into the circulation, may he detected and 
quantitated by analysis of plasma radioiron, which, 
as a result of hemolysis, equilibrates at a con- 
stant value in 10 days or less. Evidence is pre- 
sented suggesting that there is insignificant eryth- 
ron iron bypass of plasma, either by destruction 
of maturing erythrons in the marrow or via eryth- 


rophagocytosis in marrow of circulating erythro- 


cytes. 
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APPENDIX A 

In this section a mathematical analysis of the kinetics 
model illustrated in Figure 11a is presented ; the slow return 
to plasma of iron from storage reserve shown in Figure 11b 
is neglected. The objectives of this analysis are to obtain 
a qualitative picture of the turnover of iron and to derive 
equations, based on the turnover of labeled iron in the 
various compartments, which can be applied to experi- 
mental data in order to determine the rate constants de~ 
scribing the ferrokinetic system. 

The conditions assumed in this analysis are: 

1) The exchange of iron (labeled or unlabeled) between 
De- 
lay is assumed to be absent, an assumption known to be 
incorrect for compartment 3, representing the erythro- 
poietic series. If feedback from this compartment or from 
the mature red cells (compartment 4) does not occur during 
the course of the experiment, this will not affect predic- 
tions for the turnover of labeled iron in the plasma (or 
An empirical method for estimat- 


the various compartments obeys first order kinetics. 


other compartments). 
ing the delay in the erythropoietic series is presented in 
Appendix C. 

2) Let X,; be the amount of iron (labeled and unlabeled) 
in compartment 7, and x; the amount of labeled iron in this 
compartment. Let ai; represent the rate constant from 
compartments 7toj. It is assumed the aj;’s have the same 
value for labeled and unlabeled iron. Further, the a;;'s 
are assumed to remain constant. 

With the above assumptions, the amount of labeled iron 
leaving compartment 7 for compartment 7 per unit time 
is ajjx;. The equations describing the turnover of radio- 
active iron in the general model illustrated in Figure 11a 
follow. 


dx,/dt = 
dx./dt = 
dx;/dt = 
dx,;/dt 
dx;/dt 
dx¢/dt 


+ 


— + a23)X2 


— (ays + asiXs 
O123X2 — A34X3 
— (a5 +56) X5 
[1] 
The boundary conditions representing injection of labeled 
iron into the plasma at ¢ = O are: x;(0) = 1; x%2(0) = x;(0) 
= x,(0) = x5(0) = x6(0) = 0. 
Equations 1 may be solved by using the Laplace trans- 
form. With the above boundary conditions, the general 
solution for compartment 1 is: 


= Ae"! + Beret + Cerst, 


[2] 
For the cases in which significant storage of iron occurs 
the plasma clearance curve can be resolved into three ex- 
ponential components in agreement with the above equa- 
tion. The values of A, B, C, m1, r2 and rs are described by 
the following equations. 
at+b=A(re+ rs) + +73) + C(n + re) 
ab = Arors + Brrs + Crire 
+ is 
d = + + rors 


where 


a +056 

d =aj2(a23+a) +b) +ab 

€ 200230 [4] 


The values a, b, c, d, and e can be determined from the 
experimental plasma iron curve, using Equations 3. These 
values can then be introduced into Equation 4 to solve for 
the a’s. However, there are six unknowns and only five 
equations. Anadditional equation dependent upon the a’s 
describes the fraction f of labeled iron that appears in red 
cells at the end of the initial phase of incorporation—.e., 
at approximately 2 weeks, when red cell incorporation of 


radioiron from storage reserve is still negligible. 


(a23/b)aye 
23/ 12 [5] 
(a23/b)aiz + (as6/a)ars 


Solution of Equations 4 and 5 yields values for the differ- 
ent a’s. The method of data reduction is described in 
Appendix D. 

The model for normal iron kinetics illustrated in Figure 5 
is a special case of this more general model. The amount 
In this case aj; 0. 


The predicted plasma iron curve reduces to a sum of two 


of iron going to stores is very small. 


exponentials. 


Ae it + [6] 


x,(t) = 


The values of A, C, 7; and rs are related to the rate con- 
stants by the following equations. 


Ars + Cr = a2) + O23 
= ai2 + +- a23 


= 12023. 


The method of solution of Equations 7 to determine values 
for the rate constants is described in Appendix D. 


APPENDIX B 
Calculation of hemoglobin synthesis, iron deposition and 
mean erythron life span 
1. Hemoglobin synthesis. \ron irreversibly tixed each 
day in maturing erythrons for hemoglobin synthesis is 
equal to the product of the amount of iron in the labile 
erythropoietic pool (X»2) and the fraction of this pool 
irreversibly fixed each day in maturing erythrons (a3). 
Fe for Hb synthesis (RBC Fe turnover) = a2;X2 mg/day. 


=ay2X;/b [since = (a23 + a) 
and b = ax; + an] 
= amount of iron in plasma 
[plasma Fe conc. (ug/ml) X plasma vol (ml) / 


1,000 (ug/mg) ] mg. 


Assuming negligible nonhemoglobin iron in mature erythro- 


cytes and since 1 g hemoglobin contains 3.4 mg iron, 


daily hemoglobin synthesis = (a23X2/3.4) g. 
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2. Iron deposition. \ron deposition in relatively fixed 
stores is equal to the product of the amount of iron in the 
labile storage pool (X;) and the fraction of this pool de- 
posited each day in relatively fixed storage form (a5s). 
Iron deposition = as.X, mg/day. 
Xs; = aj5X;/a (ass tas)X5; 
+ a1]. 


[since = 
and a 


The constant fraction of radio- 
iron in plasma gradually reached after 2 weeks, E, may be 
viewed as the result of mixing a fraction of radioiron, 1 — f, 
initially in plasma iron, X;, with a miscible storage pool of 
iron, Xms. 


3. Miscible storage tron. 


Xx, (X¥, +X 

(1 —f)X, 
E 


mg 
E 


(1—f— E)x, 


— X,= E mg 


(since 1 — f > EB). 


4. Mean erythron life span. 
= [total hemoglobin (g)/daily hemoglobin loss (g/day) ] 
days: 


Mean erythron life span 


a) When total hemoglobin remains constant—i.e., red 
cell volume remains constant during the period of study 
daily Hb loss = daily Hb synthesis; 

b) When total hemoglobin is decreasing—i.e., initial red 
cell volume is greater than final red cell volume—daily Hb 
loss = daily Hb synthesis + daily total Hb 
(AHb,); 

c) When total hemoglobin is increasing—i.e., 


decrement 


initial red 
daily Hb 
Hb synthesis — daily total Hb increment 
So that for all cases (a, b, c): 


cell volume is less than final red cell volume 
loss = daily 
(AHb,). 


Mean erythron life span 


total hemoglobin (g) 
daily hemoglobin synthesis + Hbg (g/day) 
— Hb, 


lay 


where 


— RCV,;)MCHC/100 
Hb, = 


_ (RCV, — RCV») MCHC/100 


Hb, ; g/day 


RCV, = initial red cell volume (ml); RCV; = final red 
cell volume (ml); MCHC = mean corpuscular hemoglobin 
concentration (per cent) ;¢ = days between initial and final 


red cell volume measurements. 
APPENDIX C 


Calculation of mean effective erythron hemoglobinization time 


The time interval between incorporation of iron into mar- 
row erythrons and its appearance in circulating erythro- 
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cytes is designated as the mean effective erythron hemo- 
globinization time (MEEHT). Cumulative incorporation 
of radioiron into maturing erythrons is calculated from 
the intercompartmental rate constant a2; and the maximal 
net incorporation of radioiron into erythrocytes, Nmax* 
Nmax, the net fraction of radioiron involved in erythro- 
poiesis is equal to the total fraction involved in erythro- 
poiesis, f, only when hemolysis is absent. Nmax is par- 
titioned between a) the combined plasma and _ labile 
erythropoietic compartments, and b) the maturing erythron 
compartment. Since the plasma compartment is usually 
very small (3 to 5 per cent) relative to the labile erythro- 
poietic compartment, the fraction of the labile erythro- 
poietic compartment fixed each day in maturing erythrons 
is approximately the same as the fraction of the combined 
plasma and labile erythropoietic compartments fixed each 
day in maturing erythrons; i.e., 


2 


a3 


Whenever X» is not much greater than X,, then the term 
X»/(X, + X2)a23 should be substituted for a2; in the follow- 
ing equations. If labile radioiron for erythropoiesis (in 
plasma and labile erythropoietic pools) is designated as L, 
and radioiron irreversibly fixed in maturing erythrons is 
designated as F and net incorporation of radioiron into 
circulating erythrocytes is designated as N, then, 


dL/dt 
dL/L 
log L = 


—ao3L 

—ay; dt 

+ C 

since L = att = 0, 

= Ninaxe~*23', since F + L = Ninax, then 
Noinx 


Ninax(1 —e ast) 


Nimaxé 


Using this relationship F can be determined for all days of 
the study. 

MEEHT = ¢(N) — t( F) days. 

Usually a nearly constant maximal time interval has 
been shown to exist between radioiron net incorporation 
into erythrons ( F) and net incorporation into erythrocytes 
(N) only in the region of 10 to 30 per cent Nmax. As in- 
corporation continues, the time interval narrows progres- 
sively (Figures 1, 6). This is to be expected, since radio- 
iron is fixed at all stages of erythron maturation and the 
half-time for transfer of iron from the erythropoietic labile 
pool to maturing erythrons is of the same order of magni- 
tude as erythron maturation time: approximately 3 days 
from early proerythroblast (early rubroblast) to circulating 
reticulocyte (34). Under these circumstances, the best 
indication of MEEHT is to observe the time required for a 
small amount of radioiron fixed in erythrons in a relatively 
short time to emerge into the circulation. In normal in- 
dividuals and in many pathologic conditions this time 
interval is maximal and nearly constant between the levels 
of 10 to 30 per cent Nimax. For this reason, 20 per cent 
Nimax is chosen as a convenient level for measuring MEEHT. 


‘ 
Fr. 
a 
—f= 
; I f ms) 
A ms 
+ 

F 
pane 
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F = Nmax(1 — e723") 
Nmax/X = Nmax(1 — e7%2341/x(F)) 
ty x( F) 
23 
0.693 


23 


ty 3(F) = ty a(F) = 


0.223 
a23 


In some cases, however, when the erythropoietic labile 
pool is very small, as in iron deficiency, or when erythron 
fixation of iron is greatly increased, the intercompart- 
mental rate constant a@23 is greatly increased and most of 
the radioiron is transferred from the labile pool to maturing 
erythrons in a time which is very short compared with 
erythron maturation (Figure 13, sickle cell anemia, per- 
nicious anemia) (22). Under these circumstances the time 
interval between N and F progressively increases as incor- 
poration continues and the 50 per cent Nmax level is chosen 
to measure MEEHT. Usually the time interval at t)/5( F) 
is used, but for values of a2; > 0.4, the time interval at 
t,/2( F) may be greater than at ¢;/;(F). In borderline cases 
MEEHT is calculated at both 20 and 50 per cent levels, 
the larger value being used: 

MEEHT = — tiys( F) 
or whichever is larger 
hin(N) — F) 

where f,;x(N) and ¢t;;x(F) are the times for incorporation 
of Nimax/X radioiron into erythrocytes and erythrons, re- 
spectively; and Nmax = maximal net incorporation of 
radioiron into circulating erythrocytes; and 
are obtained directly from the erythrocyte radioiron net 
incorporation curve. 

thal F) = 0.223 

F) = 0.693 /ao3. 

When X2 is not > X,, X2/(X, + X2)a2; is used in the 

above equation in place of ae;. 
Examples 
a) Endogenous hemochromatosis ( Figure 13) (52-48). 
a2 = 0.173 


Since a2; is considerably less than 0.4 
MEEHT = — F) days 
tis( F) = 0.223/a2; = 1.3 days 


The net incorporation of radioiron into erythrocytes, Fig- 
ure 13 (hemochromatosis), Ninax = 0.45 and Nmax/5 = 0.09 
with corresponding t1/5(N) = 3.0 days. 


MEEHT = 3.0 — 1.3 = 1.7 days 


To visualize the relationship of this time interval to the 
Fand N curves, the F curve may be quickly plotted using 
tis(F) and F) = 0.693/0.173 = 4.0 days and calcu- 
lating F) and ty/10( F) as follows: 


loge X/(X — 1) _ log, 1.33/0.33 
23 

_ loge4 

(0.173 


tsa(F) = 
= 8.0 days 


log. 1.11/0.111 


23 


x, 10.0 
to/rof F) = = log 


2.30 


= = 13.3 days. 
0.173 13-3 day 


b) Sickle’cell anemia (Figure 13). 
a2 = 4.74 
Since a2; is considerably greater than 0.4 
MEEHT 
ti2( F) 


= ty2(N) — F) 
= 0.693/4.74 = 0.15 days. 


The net incorporation of radioiron into erythrocytes, Fig- 
ure 13 (sickle cell anemia), Nimax = 0.48 and Nmax/2 = 0.24 
with corresponding ti/2( NV) = 1.45 days. 


MEEHT = 1.45 — 0.15 == 1.3 days. 
To plot F, 


tijs( F) = 0.223/4.74 = 0.05 days 
tho( F) = 0.693 /4.74 
tays( F) = 1.39/4.74 
F) = 2.30/4.74 


= 0.15 days 
0.29 days 
0.49 days. 
c) Pernicious anemia ( Figure 13). 
a2 = 3.352 
Since a2; is considerably greater than 0.4 
MEEHT 
ty/2( F) 


=f; o(N) — ty ol F) 
0.693/3.57 = 0.19 days. 
The net incorporation of radioiron into erythrocytes, Fig- 


ure 13 (pernicious anemia), Nmax = 0.14; Nmax/2 = 0.07 
with corresponding f1/2(. NV) = 5.2 days. 


MEEHT = 5.2 — 0.2 = 5.0 days. 
To plot F, 


tyys(F) = 0.223/3.57 0.06 
F) = 0.693/3.57 0.19 
ts/4( F) 1.39/3.57 = 0.39 

tono( F) = 2.30/3.57 = 0.65. 
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APPENDIX D 


Calculations using iron kinetics models* 


Storage exchange (Figure 11) “Normal” flow (Figure 5) 


(Appendix A) (Appendix A) 


Where no appreciable storage deposition (best checked by 
in vivo counting over liver) of Fe occurs, apply the normal 
model as follows: 
0.693/tij2 of first slope (days) or, more con- ry, = 0.693/t1/2 of first slope (days) 
veniently or 
16.67/t;/2 of first slope (hrs) | = 16.67/ti/2 of first slope (hrs) 
(omitted in this case) 


= 0.693/t,/2 of third slope (days) 


0.693 /t; 2 of second slope (days) 
0.693 /t)/2 of third slope (days) 
1-—(B+C) 


intercept of second slope 


= (not needed in this case) 
(neglected in this case) 
intercept of third slope 
rs + — £3) 


intercept of third slope 


=rntrtrs 
rire + rirs + refs 
= 
max. fraction of injected Fe®* incorporated into 
erythrons 
When hemolysis is absent, 


f = max. fraction of injected Fe present in circulat- 


ing erythrocytes 
a+b = A(re +73) + +73) + + re) 


ab = A(rers) + B(mrs) + 


(The latter two simultaneous equations may be 
solved using the binomial theorem: 
—4KM 
where Ax? + Lx + M = 0). 
Choose roots so that a > 6. Then, 
d — ef/a — e(1 — f)/b — b(c — b) 
aie 
a—b 
b — 


ef /days 


ba 15 


* Notation refers to kinetics models shown in Figures 5 and 11. 
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APPENDIX D-—Continued 


Calculation of hemoglobin synthesis Calculation of storage iron deposition 


(Appendix B) (Appendix B) 


Using a's calculated from applicable model, 


X, = amount of Fe in plasma compartment (mg) 


a _ plasma Fe (ug/ml) X plasma vol (ml) 


1,000 (ug/mg) | 


X». = amount of Fe in labile erythropoietic pool (mg) X; = amount of Fe in labile storage (mg) 


= = 
ke to hemoglopin 
or (mg/day) = a23X2 Fe to storage deposition (mg/day) = as.X5 


RBC Fe turnover 
Daily hemoglobin synthesis (g) = a23X»9/3.4 


Calculation of miscible storage iron 


(Appendix B) 
Xms = [(1 —f)X1/E] mg 


Calculation of mean erythron lite span Calculation of mean effective erythron 
hemoglobinization time 


(Appendix B) (Appendix C) 


Mean erythron life span total-body hemoglobin MEEHT = ¢1)3(N) — t1/s( F) 


(steady state condition) — daily hemoglobin synthesis 


or whichever is larger 


tyo(N) — F) 


Mean erythron life span tys(. N) and t)/2(.N) are obtained from net incorporation of 


(nonsteady state condition) | radioiron into circulating erythrocytes curve 


ty af F) 0.223 


total-body hemoglobin F) = 0.693/a23 
daily Hb synthesis + daily total Hb decrement 


or 


When X2 is not > X,, X2/(X1 + X2)a2; is used in place 


— daily total Hb increment 


of 


TABLE Ill 


APPENDIX E 


Estimation of “f’ when both significant hemolysis and Calculation of hepatic ratio increment for 100 per cent 
storage of radioiron in five patients with hemochromatosis 
and normal erythrocyte life span * 


. plasma-storage tron exchange are present. 


Hepatic radioiron counting rates are used as a rough 


index of storage iron deposition. For patients with hemo- 


Hepatic ratio incre- 


chromatosis without hemolysis, f equals maximal net incor- Maximum ment for 100% k 
poration of radioiron into erythrocytes. Since hepatic (cpm [ (max cpm/cpmo) 
. . . . . . > ~ om = 7 
radioactivity is expressed as cpm/cpm, (hepatic ratio), the Patient 
fraction of radioiron deposited in storage (chiefly in liver 53-57 0.94 0.43 22 
: and bone marrow), 1 — f, results in an increase in hepatic 52-48 1.80 0.55 3.3 
59-154 0.75 0.25 3.0 
; ratio approximating (CpMmax/cpm,) — 1. Maximally, 60-9 0.90 0.30 3.0 
only a fraction (f) of all radioiron is in circulating blood, 59-164 
so that a small error is involved in subtracting 1 instead of SMcan-of Gee patient . 


‘ Mean of 14 patients with se 
in amount slightly <1. If all radioiron were deposited vere erythroid hypoplasia or 


in storage, then the calculated increase in hepatic ratio aplasia (21) 2.6 (range 1.7~-4.4) 


(cpMmax/Cpm,) — 1 

; ia wars f —. Results *Calculation and application are discussed in Appendix E. For 
comparison, results in other patients without significant hemolysis are 
obtained in the five patients without hemolysis are shown __ also shown. 


would be approximately 
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in Table III. These measurements were made with a 
1.75-inch diameter scintillation crystal recessed 1.4 inches 
in lead shielding, 2.5 inches thick, placed as shown in 
Appendix F. Mean hepatic ratio increase for 100 per cent 
storage of radioiron is 2.6 as compared with 2.6 in 14 other 
patients with severe erythroid hypoplasia or aplasia in 
which hemolysis was slight or absent. Marked hepato- 


megaly and obesity result in lower values; lean individuals 


without hepatomegaly have high values. A hepatic ratio 
increase for 100 per cent storage of radioiron of 3.0 was 
estimated for Patient 59-70, since he is lean, with only 
His measured maximal hepatic ratio 
Since 100 per cent A hepatic ratio 


slight hepatomegaly. 
is 1.78 (Figure 12). 


_ (CPMmax /cpm,) d 
1—f 
1.78 —1 
3.0 


0.74. 


= 3.0 


0.26 


Measured net incorporation of radioiron into circulating 
erythrocytes at 10 days is 0.63. The relatively moderate 
decrease of net incorporation of radioiron into erythrocytes, 
from the calculated value of f of 0.74 to the observed net 
incorporation of 0.63, is consistent with the moderately 
shortened calculated mean erythron life span of 52 days as 
judged by 1) theoretical estimation that a 10 per cent de- 
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crease of maximal net erythrocyte incorporation corre- 
sponds to daily breakdown of 1.5 to 3.5 per cent of newly 
formed erythrocytes, and 2) observations in many patients 
with varying degrees of hemolysis and negligible storage 
iron deposition (21). 

Similar analyses, using splenic ratios derived in patients 
with erythropoiesis occurring chiefly in spleen or in patients 
with intense splenic sequestration of erythrocytes, are help- 
ful as a check for estimating f in cases involving both 
considerable plasma-storage iron exchange and _ splenic 
sequestration of erythrocytes. In comparing hepatic and 
splenic counting rates with sacral counting rates obtained 
with broad collimation of a 1.75- to 2-inch crystal, it must 
be kept in mind that the sacral area and adjoining ileum are 
estimated to represent roughly one-eighth of active marrow, 
while liver represents roughly one-half of iron storage (35) 
and is at an average greater distance from the crystal. 
A factor of approximately one-half should be used for 
multiplication of hepatic ratio increments as an index of 
storage for comparison with sacral ratio increments (when 
red marrow volume is not significantly increased) as an 
index of erythropoiesis. Similar considerations for spleen 
lead to the use of factors ranging from one-half to one- 
quarter for comparison of splenic erythropoiesis or splenic 
sequestration with marrow erythropoiesis (21); enlarge- 
ment of spleen results in decreased splenic counting rate 
splenic radioiron remaining constant. 


APPENDIX F 


Placement of scintillation counters for surface measurement! 


Sagittal section through pelvis showing sacrum 


and position of scintillation detector. 


Fic. 21. 


Posterior superior 


iliac 


Posterior surface projection of sacrum 
showing position of scintillation 
detector. 


EXTERNAL COUNTING OF SACRUM. 


' For positions of detector head for external counting of spleen, liver, and sacrum, see Figures 21 and 22. 
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«Upper surface of liver 


costal cartilage 


."Upper surface of spleen 


“Tip of 9th costal cartilage 


-10th costal cartilage 


“$th lumbar 


Pericardium. ~ Xiphoid process 


6th costal cartilage 


Anterior surface projections of 
liver and spleen showing positions Susohaaus 
of scintillation detectors. 


Anterior 
axillary 
line 


Transverse section of upper 
abdomen, passing through xiphoi.l 
process, Tll body and T10 spine, 
showing liver, spleen, and P 
positions of scintillation i 
a « 
detectors. Body 


Spleen“ 


Descending 
“Inferior 
vena cava 


“Spine 110 


Fic. 22. 


EXTERNAL COUNTING OF LIVER AND SPLEEN. 
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CORRECTION 


On page 27 of the paper entitled “Quantitative studies of nasal car- 
riers of staphylococci among hospitalized patients” by Arthur White (J. 
clin, Invest. 1961, 40, 23), the parenthetical expression in the footnote to 


Table VI should read (y?:p < 0.01). 
as < 0.1. 


The p value was given incorrectly 


On page 491 of the article entitled “Effects of infusions of serum albu- 


min on serum lipids and lipoproteins in nephrosis” by James H. Baxter, 
Howard C. Goodman and James C. Allen (J. clin. Invest. 1961, 40, 490), 
the subheading under “Plasma volume” in Table I should be “I/II” in- 


stead of “IT/I.” 
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SIDE CHAIN STEREOISOMERISM AND ANTISTAPHYLOCOCCAL 
POTENCY OF PENICILLINS * 


By PAUL D. HOEPRICH 


(From the Department of Internal Medicine, University of Utah College of Medicine, and the 
Salt Lake County General Hospital, Salt Lake City, Utah) 


(Submitted for publication November 7, 1960; accepted February 2, 1961) 


Penicillins may be regarded as acylation prod- 
ucts of 6-aminopenicillanic acid (Figure 1). This 
bicyclic dipeptide results from cyclization of L-cys- 
teinyl-L-valine (1) and is loosed into the culture 
medium in good yield when a strain of Penicillium 
chrysogenum (W.51.20) is cultured in the ab- 
sence of side chain precursors suitable for acyla- 
tion at the 6-amino grouping (2). With the at- 
ainment of commercially feasible fermentive pro- 
duction of 6-aminopenicillanic acid, the organic 
chemist can now carry out industrially practical 
terminal synthesis of known or new penicillins. 

Alpha-phenoxyethylpenicillin [penicillin B, 6- 
(a-phenoxypropioamido)-penicillanate, or phe- 
nethicillin—see Figure 1], the first marketed 
product of such industrial terminal penicillin syn- 
thesis, has not been identified as a naturally oc- 
curring penicillin. Special biological properties 
have been ascribed to this compound which also 
distinguish it from other penicillins (3-5). These 
include: 7) resistance to acid (gastric) degrada- 
tion; 2) excellent absorption from the gastroin- 
testinal tract; 3) greater antibacterial potency. 
Slow penicillinase inactivation quite reasonably 
would be reflected in apparent in vitro superiority 
in antibacterial effectiveness against penicillinase- 
producing bacteria. However, enhanced antibac- 
terial effectiveness against nonpenicillinase-elabo- 
rating bacteria would require other explanation. 

In part, the augmented antibacterial potency 
claimed for a-phenoxyethylpenicillin has been as- 
cribed to the inherent in the 
a-phenoxyethyl side chain characteristic of this 
penicillin. The L-isomer was reported to be gen- 
erally more active than the p-isomer, and the 
racemate ' more effective than either enantimorph 


stereoisomerism 


* Supported in part by Grants E1792 and 2E39, Na- 
tional Institute of Allergy and Infectious Diseases, Be- 
thesda, Md. 

1A product of an organic chemical synthesis, a-phe- 
noxyethylpenicillin should be 50 per cent levo- and 50 


(3). 
leged to be superior to phenoxymethylpenicillin 
(V) in antistaphylococcal effectiveness (3). 
Aminocarboxybutylpenicillin (penicillin N, syn- 
nematin B, cephalosporin N), a fermentation 
product of certain Cephalosporium species, is a 
In the side 


In addition, both L- and pL- forms were al- 


penicillin of natural occurrence (7). 
chain characteristic of this compound there is, 
also, an asymmetric carbon atom (see Figure 1) ; 
the structural configuration of this side chain 
a-aminoadipic acid moiety is p- (8). 

The influence of side chain optical activity upon 
the antibacterial potency of penicillins can be as- 
sessed thoroughly with a-phenoxyethylpenicillin, 
since L-, D- and DL- mixtures are all available. 
Useful comparison of potency data regarding 
a-phenoxyethylpenicillins with other penicillins re- 
quires simultaneous assay of the antibacterial po- 
tencies of all of the penicillins under consideration, 
using identical test conditions. Accordingly, the 
antistaphylococcal effectiveness of L-, p- and ra- 
cemic a-phenoxyethylpenicillin was tested at the 
same time as benzypenicillin (penicillin G), phe- 
noxymethylpenicillin and aminocarboxybutylpeni- 
cillin, using a broth tube-dilution method. 

Tellurite-positive (9) staphylococci, isolated 
from clinical specimens, were used for testing. 
Staphylococci are notorious for many reasons and 
were chosen for evaluation of the potency of peni- 
cillins not only because of the clinical challenge 
presented by staphylococcal infections, but also 
because a spectrum of intensity of exposure to 
penicillinase would be assured. Any large group 
of staphylococci of recent clinical isolation is cer- 


per cent dextrorotary, with regard to side chain optical 


activity. However, federal law requires commercial 
a-phenoxyethylpenicillin to have at least 55 per cent 
L-isomer to a maximum of 75 per cent L-isomer (6). 
Racemate, raceme, and racemic, when applied to a-phe- 
noxyethylpenicillin in this article, will refer to pL-a-phe- 


noxyethylpenicillin of legal constitution. 
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" 
N-CH-C-OH 
| 7 
5CH2 
L-cysteine 


4 


4 3 9 
H2N-CH- C-OH 
2CH 
L-voline 


N 


6-amino-penicillanic acid 


benzyl- (G) 


Fic. 1. 6-AMINOPENICILLANIC 


THESIs, 


(1). 


phenoxymethyl-(V) of -phenoxyethyl-(B) 


ACID 
RESULTS FROM CYCLIZATION OF THE DIPEPTIDE, L-CYSTEINYL-L-VALINE 
6-APA is an optically active compound, with configuration at carbon 


CH 0 NHo 
»¢ 

C-OH 
u 
0 
aminocorboxybutyl-(N) 


(6-APA), AVAILABLE VIA BIOSYN- 


atoms 3 and 6 as indicated, which has but a low order of antibacterial po- 
3oth structural and optical configuration must remain intact for any 
Penicillins 


tency. 
derived penicillin to have a high order of antibacterial activity. 
can be derived from 6-aminopenicillanic acid by acylation of the L-cysteine 
moiety (§). The acyl radicals indicated are precursor to the side chains 
which characterize the penicillins studied. Both aminocarboxybutyl- and 
a-phenoxyethyl- have optically active carbon atoms, indicated by asterisks. 
The former, in fermentation-produced penicillin N, is levorotary; the latter, 
in penicillin B, a product of terminal organic synthesis, is available as a 


quasi-racemate.! 


tain to include strains capable of penicillinase 
elaboration—these are the penicillin-resistant 
staphylococci of clinical significance (10). Peni- 
cillinase production appears to vary quantitatively 
among staphylococcal strains which are competent 
in this regard. There are penicillin-resistant 
staphylococci which have not been shown to elabo- 
rate penicillinase and, of course, those staphylo- 
cocci which are markedly susceptible to penicil- 
lins do not make penicillinase. Techniques for 
detection of penicillinase activity are simple and 
sensitive; assay for this means of penicillin re- 
sistance was carried out with all of the staphylo- 


cocci under study, using benzylpenicillin, phenoxy- 


methylpenicillin and racemic a-phenoxyethylpeni- 
cillin. 
MATERIALS AND METHODS 

Staphylococci. Human associated staphylococci of 
community-wide origin (Salt Lake City) were used in 
testing. The total of 200 tellurite-positive (9) isolates 
were obtained by culture of: 7) lesions acquired by pa- 
tients in the course of hospitalization, 50 isolates; 2) an- 
terior nares of normal hospital personnel, 50 isolates; 3) 
lesions acquired outside the hospital, cultures taken prior 
anterior 
Details 


isolates are 


to any antibacterial therapy, 50 isolates; 4) 
nares of normal high school seniors, 50 isolates. 
regarding collection and storage of these 
the same as those given in an earlier communication 


(11). 
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TABLE I 


Some properties of the penicillins studied are listed along with the microgram and, where 
appropriate, bioassay unit equivalents of the test concentrations 


Side chain 


Optical activity Cation 


Benzyl- G None 


Phenoxymethyl- V None 

a-Phenoxyethyl- B Levo- or dextro- 
rotary 

Aminocarboxybutyl- Levorotary 


Penicillins. L-,2 and racemic ? a-phenoxyethylpeni- 
cillins, as well as phenoxymethylpenicillin,* steri- 
lized by exposure of weighed portions of the respective 
potassium salts to ethylene oxide gas (12) for 18 hours 
at room temperature. Potassium benzylpenicillin® and 
di-sodium aminocarboxybutylpenicillin® were obtained 
as preweighed sterile, dry powders in ampules. All of 
these penicillins were dissolved and diluted for testing in 
tryptic digest of casein-papaic digest of soybean broth. 

Stock solutions were prepared which were 0.00100 M, 


* p-a-phenoxyethylpenicillin, potassium salt, lot 3168- 
11B4 and L-a-phenoxyethylpenicillin potassium salt, lot 
1.9810, supplied by E. R. Squibb & Sons (Dr. John T. 
Groel), N. Y. 

* Racemic a-phenoxyethylpenicillin, (batch 02295) with 
composition given as 35 per cent p-isomer and 65 per 
cent L-isomer, supplied by Charles Pfizer & Co. (Mr. 
Andrew J. Schmitz, Jr.), Brooklyn, N. Y. Potassium 
benzylpenicillin was supplied through the kindness of 
Dr. Fredrick L. Fink, also of Charles Pfizer & Co. 

4 Potassium phenoxymethylpenicillin, lot 755838, sup- 
plied by Eli Lilly & Co. (Dr. G. E. Maha), Indianapolis, 
Ind. 

Di-sodium aminocarboxybutylpenicillin, supplied as 
Salmotin test powder, lot 2085-CP, by Abbott Labs. (Dr. 
J. T. Sylvester), North Chicago, Il. 


TABLE 


umole, wg and bioassay unit equiv. 


Salt tested of test concentrations per m 


0.001 umole 0.010 umole 0.100 


0.37 ug 3.73 ug 37.24 ug 
0.59 U 5.88 U 58.82 U 
0.39 yg 3.89 ug 38.85 ug 

4. 


402.49 0.40 ug 


03 ug 40.25 ug 


403.37 0.40 ne 4.03 pg 40.34 ug 
0.27 U 2.66 U 26.62 U 


0.00010 M and 0.00001 M for each of the penicillins stud- 
ied. Preparation for testing involved transfer of 0.1 ml 
portions of stock solutions to appropriately labeled se- 
ries of 13 x 100 mm screw-capped culture tubes before 
storage at — 22° C. In use, addition of 0.9 ml tryptic di- 
gest of casein-papaic digest of soybean broth, containing 
the inoculum of test staphylococci, resulted in final test 
concentrations for each penicillin of 0.001, 0.010, and 0.100 
mmole per ml. Some characteristics of the penicillins 
studied and the relationships of micromoles, mass and 
bioassay units are presented in Table I. 

Testing. Test staphylocceci from frozen storage were 
grown out overnight in tryptic digest of casein-papaic 
digest of soybean broth. According to a direct count 
in the Petroff-Hausser chamber, a dilution yielding 10,- 
000 staphylococci per 0.9 ml was prepared in sufficient 
quantity (tryptic digest of casein-papaic digest of soybean 
broth) to permit inoculation of the requisite 19 tubes 
from a common supply (3 test concentrations per peni- 
cillin; 6 penicillins; 1 control tube containing 0.1 ml 
sterile broth). 

After incubation for 24 hours at 37° C the tubes were 
inspected. Gross turbidity was accepted as evidence of 
resistance; absence of visible growth was taken to indi- 
cate inhibition. All tubes in which there was inhibition of 
growth were mixed by swirling, before a 3 mm loopful 
was removed to inoculate an eighth sector of a tryptic 


II 


Two tellurite-positive staphylococcal isolates were subjected to fivefold repetition of the testing procedure according to 
which the susceptibility of 200 recent clinical isolates of the tellurite-positive staphylococci to 
six penicillins was judged * 


umole Phenoxymethy! 


ml Benzylpenicillin penicillin L-isomer 


* There was concordance of susceptibility within replication units 15 times (of 18 trials) with Isolate 163 and 13 times with Isolate 263. 


a-Phenoxyethylpenicillin 
Aminocarboxy 


D-isomer DL-mixture butylpenicillin 


R R R R R 
& 


S 
¢ 
( 


By this 


assessment, a single determination of susceptibility, by the method described, will give the same result as 5 times repeated testing 88°% of the time. 


R: resistant; S: bacteriostatic; C: bactericidal, 


fy 

785 

ee | 
Mol 

372.47 
K+ 388.47 
4 

— ae 

: 
no. 
163 R R R RR 

: 

“| 


786 


digest of casein-papaic digest of soybean agar plate. 
Following 24 hours at 37° C in a moist air-candle jar, 
these agar subcultures were examined. Absence of 
growth was interpreted as indicating a bactericidal ef- 
fect, growth as evidence of a bacteriostatic effect in the 
broth test culture from whence the agar subculture was 
inoculated. Data supporting such loop subculture dif- 
ferentiation of the nature of the observed inhibitory ef- 
fect have been presented elsewhere (11). 

Assessment of the reproducibility of the results of sus- 
ceptibility testing by the method described was provided 
by 5 repetitions of testing with 2 staphylococcal isolates. 
Each test proceeded from an overnight tryptic digest of 
casein-papaic digest of soybean broth culture inoculated 
from the frozen storage culture with counting, dilution, 
inoculation of penicillin tubes, incubation and interpre- 
tests at a given con- 


tation as described. Considering 5 
centration of a particular penicillin with one strain of 
staphylococcus to be a unit of testing, there were 18 
units per isolate (Table Il). There was agreement in 
15 units with 163; 13 units with 263. 
Thus, if testing according to the method described be re- 
there will be accord in results about 88 
time; i.e., a single test would suffice 88 
The pattern of disagreements was 


Isolate Isolate 
peated 5 times, 
per cent of the 


per cent of the time. 


| {stot 


ic 
}inhibitory 


Cido 


NUMBER OF STAPHYLOCOCCAL ISOLATES 
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that of stepwise gradation in effectiveness—variation in 
effect was between resistant and bacteriostatic, or, bac- 
teriostatic and bactericidal; not resistant and bactericidal. 

Penicillinase assay. Gots plates (13) were prepared, 
using a strain of Sarcina lutea® which was inhibited in 
agar pour plates (Sarcina inoculum, 1: 100 final dilution 
of a 24 hour broth culture) by 5 x 10° wmoles benzyl- 
penicillin per ml. Each staphylococcal isolate was inocu- 
lated from an overnight broth culture in the pattern of 
a small V described on a sixth sector of each of 3 kinds 
of plates—containing 10* wmoles per ml of either benzyl-, 
phenoxymethyl- or pL-a-phenoxyethylpenicillin ; all plates 
having been seeded with S. /utea (a 24 hour broth cul- 
ture in 1: 100 final dilution. The plates were incubated 
at 37° C in moist air-candle jars and inspected at 24 hour 
intervals for 5 days for appearance cf colonies of S. lutea 
juxtaposed to staphylococcal growth. 


RESULTS 
Since antistaphylococcal effectiveness was ob- 
served at three concentrations for each of the six 


6 Kindly supplied by Mr. R. E. Rhodes, Microbiology 
Section, Smith, Kline & French Labs., Philadelphia, Pa. 


N aminocarboxybutylpenicillin 
G benzylpenicillin 
V phenoxymethylpenicullin 


L-B L-a-phenoxyethylpenicillin 
DL-B DL-a-phenoxyethylpenicillin 
D-B 0-a-phenoxyethy!penicillin 


N V lo.-B]o-B 
0.00! micromol per mi, 


0.010 micromol per mi. 


TV 
0.100 micromol per ml. 


Fic. 2. 
BITION OF 
ISOLATES 


THE TOTAL HEIGHT OF THE COLUMNS INDICATES THE EXTENT OF INHI- 
PLUS BACTERICIDAL EFFECT) OF 200 CLINICAL 
BY 6 PENICILLINS APPLIED AT 3 
TEST CONCENTRATIONS. least potent. Benzyl- 
penicillin and p-a-phenoxyethylpenicillin were about equally effective; both were su- 
perior to aminocarboxybutylpenicillin but were less potent than phenoxymethylpeni- 
cillin, L-a-phenoxyethylpenicillin or pL-a-phenoxyethylpenicillin; the latter 3 peni- 
Bactericidal potency, the stippled area of 
each column, varied in the same manner as did inhibition of growth. All of the 
penicillins tested were more effective when present in high concentrations. 


GROWTH (BACTERIOSTATIC 
OF TELLURITE-POSITIVE STAPHYLOCOCCI 


Aminocarboxybutylpenicillin was 


cillins were nearly identical in potency. 
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penicillins studied, the results of susceptibility 
testing are presented (Figure 2) as three groups of 
data corresponding to the three concentrations 
employed. It is apparent that with the decimally- 
stepped increments in penicillin concentration, dif- 
ferences in effectiveness tended to decrease, if 
not disappear. Thus, aminocarboxybutylpenicillin 
was virtually impotent at 0.001 pmole per ml, ef- 
fecting just bacteriostasis with only 2 of 200 iso- 
lates. But this same penicillin, when present in a 
concentration of 0.100 pmole per ml, inhibited the 
growth of 177 of these same 200 staphylococcal 
isolates. The other penicillins studied were much 
more effective than aminocarboxybutylpenicillin, 
even at 0.001 pmole per ml, but all displayed in- 
creased effectiveness at greater concentrations. 

Since all six penicillins were effective against 
most of the test staphylococci at some concentra- 
tion, differences in effectiveness were quantitative ; 
1.e., potency varied. In order to determine 
whether or not potency could be related to side 
chain stereoisomerism, chi square comparison of 
inhibitory effectiveness (bacteriostatic plus bac- 
tericidal effect) and of bactericidal effectiveness 
was carried out. These results (Figure 3) are 
best considered one test concentration group at a 
time. 

0.001 pmole per ml. Using phenoxymethylpeni- 
cillin, a clinically and pharmacologically well 
known penicillin as basis for comparison, benzyl-, 
D-a-phenoxyethyl- and aminocarboxybutylpenicil- 
lins were all significantly (p = 0.050) less effec- 
tive inhibitors for 200 tellurite-positive staphylo- 
cocci of clinical origin. Racemic and L-a-phenoxy- 
ethylpenicillins were also significantly more active 
than the p-isomer of penicillin B. 

No difference in over-all inhibitory potency 
distinguished phenoxymethylpenicillin, DL-a-phe- 
noxyethylpenicillin and L-a-phenoxyethylpenicil- 
lin. However, detailed comparison revealed that, 
while 51 of the 200 isolates were resistant, 117 
The 


remaining 32 isolates were resistant to one or two 


were susceptible to these three penicillins. 


of the three penicillins, with 4 resistant to phe- 
noxymethylpenicillin alone, 5 resistant only to 


phenoxymethylpenicillin 
L-a-phenoxyethylpenicillin 
DL-a-phenoxyethylpenicillin 
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DL-a-phenoxyethylpenicillin and 6 resistant just to 
L-a-phenoxyethylpenicillin (Figure 4). 

In terms of bactericidal action, the same po- 
tency relationships prevailed as were described for 
inhibition of growth. 

0.010 pmole per ml. 
penicillin 
again significantly less effective inhibitors of 
staphylococci than was phenoxymethylpenicillin. 
At this test concentration, however, benzylpenicil- 
lin was not markedly inferior to phenoxymethyl- 
penicillin. 
cillin were significantly more effective than the 


Both aminocarboxybutyl- 


and p-a-phenoxyethylpenicillin were 


Again, pL- and L-a-phenoxyethylpeni- 


p-isomer of this penicillin. 

Over-all, pL-a-phenoxyethylpenicillin, L-a-phe- 
noxyethylpenicillin and benzylpenicillin were not 
significantly different from phenoxymethylpenicil- 
lin in effectiveness as inhibitors of staphylococci. 
From isolate-by-isolate comparison, there were 
182 of the 200 isolates tested which were suscep- 
tible, and 1 which was resistant, to all of these 
four penicillins. Seventeen were resistant to one 
or more, but not to all four penicillins. One iso- 
late was resistant to phenoxymethylpenicillin alone, 
1 was resistant only to L-a-phenoxyethylpenicillin 
and 10 were resistant just to benzylpenicillin (Fig- 
ure 4). 

In terms of bactericidal action, phenoxymethyl- 
penicillin was significantly superior to aminocar- 
boxylbutyl penicillin, but was not more active than 
the other penicillins tested. The pure diastereo- 
isomers and the pL-mixture of a-phenoxyethyl- 
penicillin were not significantly variable in po- 
tential for lethal effect. 

0.100 pmole per ml. 
cillin was significantly less effective in securing 


Aminocarboxybutylpeni- 


either inhibition or death of staphylococci than was 
any of the five other penicillins—all of which were 
equally effective. 
to all six penicillins; another isolate, resistant to 
benzylpenicillin as well as to aminocarboxybutyl- 
penicillin, was susceptible to the remaining four 
penicillins tested (Figure 4). 

These data suggest the following sequence of 
potency for the penicillins 


Only one isolate was resistant 


antistaphylococcal 
tested: 


> benzyl-> p-a-phenoxyethyl-> aminocarboxybutylpenicillin 
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0 005>P>000! 0.50>P>0 30 0.025>P>0 020 090>P>080 


0.90>P>0.80 


0 50>P>0 30 025 0.50>P>0.30 
Y 
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INHIBITORY BACTERICIDAL 
0.001 micromol per mi. 


0.70>P>050 p<0001 


0.025>P>0020 0.25>P>020 0.50>P>0 30 0.50>P>0 30 


0.10>P>005 


0 10>p>0 05—»-B 


0 70>P>0.50 0 50>P>0 30 0.50>p>0 30 
o.-B 


INHIBITORY BACTERICIDAL 
0.010 micromol per mi 


Fic. 3. THE ANTISTAPHYLOCOCCAL POTENCY OF AMINOCARBOXYBUTYLPENICILLIN (N), BENZYL- 
PENICILLIN (G), D-a-PHENOXYETHYLPENICILLIN (D-B), DL-a-PHENOXYETHYLPENICILLIN (DL-B) 
AND L-a-PHENOXYETHYLPENICILLIN (L-B) WAS EVALUATED BY COMPARISON WITH PHENOXY- 
METHYLPENICILLIN (V). Two hundred recent clinical isolates of tellurite-positive staphylococci 


were exposed to all 6 penicillins at the same time, under identical test conditions. 
ror. (0.001 umole penicillin per ml) These were the relationships whether over-all inhi- 


bition of growth or bactericidal effect was considered: penicillin V was significantly (p = 0.050) 
more effective than penicillins N, G and p-B; penicillins L-B and p_-B were more effective than 
p-B; penicillins V, and were not significantly different. 

(0.010 wmole penicillin per ml) Inhibitory effect: penicillin V was significantly 
more effective than penicillins N and p-B; penicillins L-B and pi-B were significantly more 
effective than p-B; penicillins V, L-B and pt-B were not significantly different. Bactericidal 
effect: penicillin V was significantly more potent than was penicillin N, but was not significantly 
more often associated with lethal antistaphylococcal effect than were penicillins G, p-B, pL-B or 
p-B. 
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0.70>P>0.50 0.70>P>0.50 


0.70> P>0.50 


o.-B 
INHIBITORY 


020>P>010  P<0.001 


0.70>p>0.50 0.70 >P>0.50 


0.70>p>0.50 


——— 


0.50>P>0.30 0.50>P>0 30 


Y 
o.-B 


BACTERICIDAL 


0.100 micromol per ml 


Fic. 3—Continued 


(0.100 umole penicillin per ml) 


In terms of both inhibitory and_ bactericidal 


effect, penicillin N was significantly less effective than penicillins V, G, p-B, pL-B and L-B. 


G benzylpenicillin 
V_ phenoxymethylpenicillin 
L-B L-a-phenoxyethylpenicillin 
OL-B DL-a-phenoxyethylpenicillin 
0-B 0-a-phenoxyethylpenicillin 
Y, Resistant to 1 or more 
Vs (not all) penicillins of group 


Susceptible to all 
penicillins of group 


4 Resistant to all 
penicillins of group 


> 


NUMBER OF STAPHLOCOCCAL ISOLATES 
ao 


0.010 permi [e100 mMper mi, 
V;G;L-B;OL-B 

Fic. 4. THE PLOTTED DATA REFER TO ISOLATE-BY-ISO- 
LATE COMPARISON OF THE ANTISTAPHYLOCOCCAL EFFECTIVE- 
NESS OF PENICILLIN GRouPS. These groups were deline- 
ated at each test concentration by lack of significant vari- 
ation (p=0.050) in over-all inhibitory effect on 200 
staphylococcal isolates comparing benzyl-, aminocarboxy- 
butyl-, L-, pL- and p-a-phenoxyethylpenicillins with phe- 
noxymethylpenicillin. As the test concentration increased, 
the number of penicillins in each group increased and the 


Penicillinase activity was first perceptible after 
48 hours’ incubation of the Gots plates. The 
Sarcina colonies were tiny at this time and were 
little pigmented. While the total number of posi- 
tive reactions was greater at 72 than at 48 hours’ 
incubation, there was little increase thereafter. 
However, observation at 120 hours was consid- 
ered most reliable, since the deep golden color of 
the Sarcina colonies was then fully developed. 
Under the test conditions described, penicillinase 
activity was evident with: 122 isolates against 
benzylpenicillin; 131 isolates against phenoxy- 
methylpenicillin; 134 isolates against DL-a-phe- 
noxyethylpenicillin. The differences between 
these three values are not significant (0.50 > p > 
0.30). 

DISCUSSION 


Molar description of penicillin concentrations 
used for susceptibility testing may seem an undue 
refinement; yet, penicillins are compounds of 


number of staphylococcal isolates inhibited by all peni- 
cillins of a group increased also. Although aminocar- 
boxybutylpenicillin never achieved statistical parity in 
effectiveness with the other penicillins tested, the major 
difference between these penicillins in antistaphylococcal 
effectiveness appears to be quantitative. 
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known chemical constitution which become ir- 
reversibly fixed to bacteria to an extent directly 
proportional to susceptibility to lethal injury (14). 
Bound penicillins appear to work their effects by 
bringing about serious enzymatic dislocations 
Penicillins 
are antimetabolites and as such are effective as 


which are only partially understood. 
whole molecules. It follows that rational assess- 
ment of potency must proceed from description 
of concentration in molar terms. 

In 1957 Sheehan and Henery-Logan (15) re- 
ported the laboratory synthesis of phenoxymethyl- 
Of little significance in terms of com- 
mercial manufacture of penicillins, this chemical 


penicillin. 


milestone was a feat of great significance in 
permitting demonstration of the essential nature 
of certain structural features of the bicyclic ring 
It was known 
that lysis of the C,—N, bond of the B-lactam ring 
(see Figure 1) to produce a penicilloic acid, as 
accomplished by bacterial penicillinases (16), re- 


nucleus common to all penicillins. 


sulted in inactivation of penicillins. From com- 
parison of synthetic with natural penicillins, it 
became clear that an intact 6-aminopenicillanic 
acid nucleus was also required in terms of the 
5-membered ring and its substituents. More per- 
tinent to the present study was the finding that, 
for antibacterial activity, all of the optically ac- 
tive centers of 6-aminopenicillanic acid must have 
the configuration uniformly present in natural 
with 
penicillanic acid, together with the demonstrated 
essentiality of particular optical configuration with 
chloramphenicol (17) and cycloserine (18), are 
precedent for the affirmation of significant varia- 
tion in antistaphylococcal effectiveness of penicil- 


penicillins. These observations 6-amino- 
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lins, differing only in optical configuration in the 
side chain. 

Widely publicized in advertisements, the report 
of Gourevitch, Hunt and Lein (3) indicated that 
the L-isomer of a-phenoxyethylpenicillin displayed 
in vitro greater antibacterial activity than did the 
p-isomer against three of five strains of Staphylo- 
coccus aureus designated : 52-34, 52-75, WR 188, 
BRL J, BRL O. The superiority of L- over 
p-a-phenoxyethylpenicillin was attested by re- 
spective minimal inhibitory concentrations in mi- 
crograms per milliliter of: 1.6 vs 3.1, 3.1 vs 6.2, 
3.1 vs 3.1, 0.8 vs 0.8, 0.8 vs 1.6. 
port, a DL- mixture of a-phenoxyethylpenicillin 


In the same re- 


was: 1) also more active than D-a-phenoxyethyl- 
penicillin with four of the five test strains of 
staphylococcus—respective minimal inhibitory con- 
centrations in micrograms per milliliter: 0.8 vs 
3.1, 3.1 vs 6.2, 1.6 vs 3.1, 0.8 vs 0.8, 0.8 vs 1.6; 
2) more active than L-a-phenoxyethylpenicillin 
with strains 52-34 and WR 188—respective mini- 
mal inhibitory concentrations in micrograms per 
milliliter: 0.8 vs 1.6, 1.6 vs 3.1; 3) equally as 
active as L-a-phenoxyethylpenicillin with strains 
52-75, BRL J and BRL O (3.1, 0.8 and 0.8 pg 
per ml, respectively ). 

In addition to indicating that L- and DL-a-phe- 
noxyethylpenicillin were superior in antistaphylo- 
coceal effectiveness to p-a-phenoxyethylpenicillin, 
these meager data were represented as indicating 
that p- and L-stereoisomers worked in comple- 
mentary fashion with each other so that a DL- 
mixture was superior to either single enantiomorph 
in antistaphylococcal effect. While mouse pro- 
tection, following on Smith strain staphylococcus 
infection, was reported to be more successful with 


TABLE III 


Tsolate-by-isolate comparison of the inhibitory effect of the pure diastereoisomers and a mixture 
(35° D- + 65% L-) of a-phenoxyethylpenicillins on 200 clinical isolates of tel!urite-positive 
staphylococci in a uniform, broth tube-dilution test system * 


Number of isolates inhibited by 


a-Phenoxyethy] 
penicillins, 
zmole, ml 


And/or 
Alone 


0.001 1 
0.010 0 
0.100 0 


L- 
And/or 
D-, L- 


And/or 
D-, DL- Alone 


129 6 133 
197 1 198 
199 0 199 


* Both L- and DL- mixtures were more often solely effective than was the p-isomer. However, since the DL-mixture 
was not significantly more often alone effective than was the L- form, there is no indication from these data that mixing 
stereoisomers augments antistaphylococcal potency. 
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racemic than with either pure diastereoisomer of 
a-phenoxyethylpenicillin, the authors noted that 
the differences were not statistically significant. 

Determination of the susceptibility of a signifi- 
cant number of clinical isolates of tellurite-posi- 
tive staphylococci, as described in the present 
study, indicates that both L- and DL-e-phenoxy- 
ethylpenicillins are superior to D-a-phenoxyethyl- 
penicillin. 

There was no support from these data for the 
claim of augmented antistaphylococcal potency 
on mixing stereoisomers. Over-all, DL-a-phenoxy- 
ethylpenicillin was not significantly different in po- 
tency from L-e-phenoxyethylpenicillin at any of 
the concentrations tested (Figure 2). In addi- 
tion, when isolate-by-isolate comparison of the 
effectiveness of these three a-phenoxyethylpeni- 
cillins was carried out to determine just how often 
eac! vas the sole inhibitor of a staphylococcal iso- 
late \ fable III), no differences were found that 
were not apparent from the over-all susceptibility 
data (Figure 2). If complementary effectiveness 
were gained from mixing D- and L-isomers, the 
DL- mixture should have been most often the sole 
effective form of a-phenoxyethylpenicillin. This 
was not so—these data do not support the notion 
of augmented potency ascribed to pL- mixture of 
a-phenoxyethylpenicillin. Yet, in affirming that 
the L-form was more potent than the p-form, the 
critical importance of optical configuration is as- 
serted even in the side chain of penicillin. This 
importance is likely not critical in terms of clini- 
cal usage of a-phenoxyethylpenicillin since, gen- 
erally, overtreatment is clinical practice. How- 
ever, because chemical variation in acyl radical 
appears to be the only feasible approach to syn- 
thesis of new penicillins, side chain stereoisomer- 
ism should be considered in designing new peni- 
cillins for synthesis. 

Garrod (19) compared in vitro the antistaphyl- 
ococeal activity of benzylpenicillin, phenoxymethyl- 
penicillin and a-phenoxyethylpenicillin (since iso- 
meric designation was not made, it is assumed 
that a DL- mixture of a-phenoxymethylpenicillin 
was tested). With 36 “penicillin-sensitive” strains, 
there were no significant differences in effective- 
ness of the three penicillins by either plate or tube- 
dilution testing. 

Thirty-eight penicillin-resistant (penicillinase- 
forming) strains were also tested as part of the 
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same study. When a small inoculum (an 0.02 
ml drop of a 1: 500 dilution in saline of a broth 
culture) was applied to an agar culture medium 
containing penicillin in plate-dilution testing, the 
three kinds of penicillin were again effective to 
the same extent. However, by tube-dilution tests 
in which a large inoculum (an 0.02 ml drop of an 
undiluted broth culture) was used, both phe- 
noxymethylpenicillin and a-phenoxyethylpenicillin 
were superior to benzylpenicillin. Moreover, 


a-phenoxyethylpenicillin was generally more ef- 
fective than was phenoxymethylpenicillin. As 
noted by the author, tube-dilution testing with a 
large inoculum reflects primarily upon the effect 
of the preformed penicillinase added to the test 


system as part of the inoculum. 

Preparation of inocula in the present study 
proceeded from broth cultures which by direct 
count usually had around 10° staphylococci per 
ml; accordingly, dilution to achieve the inoculum, 
10,000 staphylococci per 0.9 ml, was at least 100,- 
000-fold. If Garrod’s broth cultures for inocula- 
tion had attained bacterial populations of density 
similar to ours—say 5 x 10° per ml—his small 
inoculum would have delivered about 200,000 and 
his large inoculum about 250 million staphylo- 
cocci (as added to 2.5 ml broth, there would have 
been about 10 million staphylococci per ml). 
From these considerations, our test situation was 
more nearly comparable (staphylococci versus 
penicillins and penicillins versus preformed peni- 
cillinase) to Garrod’s small inoculum plate-dilu- 
tion trials than to his large inoculum tube-dilu- 
tion system. Even so, there remain differences— 
inoculum size, relative accessibility of penicillins 
to staphylococci, agar versus broth culture—of 
such significance that disagreement in results, if 
not inevitable, is at least not surprising. 

Comparison of aminocarboxybutylpenicillin 
with benzylpenicillin by in vitro assay of anti- 
staphylococcal effectiveness, using 30 isolates 
(20) and 7 isolates (21), indicated that penicil- 
lin N was markedly less inhibitory for staphylo- 
cocci than was penicillin G. The data of the 
present study, relating to 200 staphylococcal iso- 
lates of recent, community-representative origin, 
support these findings—benzylpenicillin had greater 
antistaphylococcal potency than had aminocar- 
boxybutylpenicillin. In addition, data were pre- 
sented which assert that phenoxymethyl- and the 
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a-phenoxyethylpenicillins are also, individually, 
more potent antistaphylococcal penicillins than is 
aminocarboxybutylpenicillin. However, penicil- 
lin N is remarkably more active than penicillin G 
against many species of gram-negative bacilli. 
Moreover, in addition to being an unusual peni- 
cillin in origin from Cephalosporium species—a 
non-Penicillium genus of the class Fungi imper- 
fecti—the side chain of penicillin N is a hydro- 
philic, aminoacyl chain which is optically active 
(8). Unfortunately, we can only speculate on 
what would be the antistaphylococcal activity of 
penicillins enantiomorphic and racemic to the 
tested D-aminocarboxybutylpenicillin. 

Application of dense inocula of staphylococci 
to agar media containing Jow concentrations of 
penicillins (about five times the minimal concen- 
tration inhibitory for the indicator strain of S. 
lutea which was heavily seeded in the agar media ) 
provided settings designed for demonstration of 
even meager penicillinase production. On the 
other hand, the broth susceptibility testing method 
used exposed small inocula of staphylococci, vir- 
tually without preformed penicillinase, to 10-, 100- 
and 1,000-fold greater concentrations of penicillins 
than were present in the tests for penicillinase ac- 
tivity. Thus, susceptibility testing and _penicilli- 
nase assay conditions were sufficiently disparate 


phenoxymethyl- 
L-a-phenoxyethyl- 


While both L- and pL-e-phenoxyethylpenicillin 
were superior to D-a-phenoxyethylpenicillin, there 
was no indication of augmented potency on the 
part of the pL-mixture in comparison with pure 
L-a-phenoxyethylpenicillin. 

Although side chain optical configuration of 
a-phenoxyethylpenicillin had significant reflection 
in antistaphylococcal potency in vitro, the major 
therapeutic implication of this observation lies in 
the designing of new penicillins for terminal syn- 
thesis. 

Alpha-phenoxyethylpenicillin, in any of its op- 
tical forms, was not a more potent inhibitor of 
staphylococci than was phenoxymethylpenicillin. 

Benzylpenicillin, phenoxymethylpenicillin and 
pL-e-phenoxyethylpenicillin did not differ qual- 
itatively in susceptibility to inactivation by staphyl- 
ococcal penicillinase. 


PAUL D. HOEPRICH 


in design (as in aim) to make reasonable the find- 
ing that fewer of the 200 staphylococcal isolates 
tested were inhibited by even 0.001 pmole of the 
penicillins per ml than were found to be capable 
of inactivating these same penicillins. However, 
assay for penicillinase activity against benzyl-, 
phenoxymethyl- and pL-e-phenoxyethylpenicillin 
was carried out to determine whether or not there 
were differences among these penicillins in terms 
of susceptibility to staphylococcal penicillinase. 
Under the conditions of testing employed, there 
were no significant qualitative differences—results 
which are in agreement with those reported by 
McCarthy, Hirsch and Finland (5). 


SUMMARY 


On the basis of broth tube-dilution susceptibility 
testing with 200 recent clinical isolates of tellurite- 
positive staphylococci, the potency of D-, L- and DL- 
a-phenoxyethylpenicillins was compared with si- 
multaneously and identically tested benzyl-, phe- 
noxymethyl- and aminocarboxybutylpenicillins. 

Differences in antistaphylococcal potency were 
noted which were quantitative: all of the penicil- 
lins were more effective when applied in higher 
concentrations. A potency sequence of the peni- 
cillins tested was apparent : 


| > benzyl-> p-a-phenoxyethyl-> aminocarboxybutylpenicillin 
DL-a-phenoxyethyl- 


Despite the presence of an asymmetric carbon 
atom in the aminoacy] side chain of aminocarboxy- 
butylpenicillin, the single enantiomorph studied 
was least effective of the penicillins tested as an 
inhibitor of staphylococci. 
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ADRENAL STEROIDS AND INFECTION: THE EFFECT OF CORTISONE 
ADMINISTRATION ON POLYMORPHONUCLEAR LEUKOCYTIC 
FUNCTIONS AND ON SERUM OPSONINS AND 
BACTERICIDINS * 


By JAMES G. HIRSCH anp ALICE B. CHURCH 


(From the Rockefeller Institute, New York, N. Y.) 


(Submitted for publication December 8, 1960; accepted January 19, 1961) 


Abundant clinical and laboratory experience has 
established clearly the increased susceptibility to 
certain infections of animals receiving large doses 
of cortisone (1-3). There is general agreement 
that excessively high levels of glucocorticoid hor- 
mones diminish the efficiency of host resistance to 


microbial invasion, but considerable uncertainty 


remains as to the precise alterations and mecha- 
nisms involved (4, 5). Suppression of the in- 
flammatory reaction, impaired function of phago- 
cytic cells, and lowering of antibody levels have 
all been incriminated to explain the reduced ability 
to handle microbes of the animal receiving large 
doses of cortisone. 

Host resistance to infections is based ultimately 
on the activity of many systems: phagocytic cells 
(polymorphonuclear leukocytes, fixed and wander- 
ing macrophages); serum factors (bactericidins, 
complement, antibody); and the microenviron- 
ment of tissue spaces (vascular and neural func- 
tions, chemical composition). This communica- 
tion presents the results of experiments in which 
the effect of cortisone administration was studied 
on function of certain of these host resistance sys- 
tems—namely, the polymorphonuclear leukocyte 
and serum bactericidins and opsonins. 


METHODS 


Several experiments were done with different dosages 
of cortisone. The results were in all cases the same; 
accordingly, only experiments involving the administra- 
tion of large doses will be described here. 

Young adult New Zealand red rabbits were used. At 
weekly intervals (x 3) these animals were given an in- 
traperitoneal injection of 300 ml of 0.1 per cent glycogen 
(Amend Drug and Chemical Co.) in pyrogen-free physi- 
ological saline. These injections were intended to pre- 
pare the animal for collections of peritoneal exudates at 
a later date. Before administration of cortisone the rab- 
* Supported by Research Grant E-1831 from the Na- 


tional Institute of Allergy and Infectious Diseases. 


bits were bled from the heart; after clotting and stand- 
ing at room temperature for 1 hour, serum was separated 
by centrifugation and stored in the frozen state for later 
investigation. 

The animals were then given cortisone (Cortone Ace- 
tate suspension, Merck Sharp and Dohme) by intra- 
muscular injection on a dosage schedule of 25 mg per 
kg per day for a total of 11 consecutive days. On Day 11 
of cortisone administration blood was again obtained by 
cardiac puncture and serum prepared and stored as de- 
scribed above. 

On Days 10 and 11 of steroid injections, peritoneal 
exudates were produced and polymorphonuclear leuko- 
cytes harvested by a technique described in detail previ- 
ously (6,7). In one animal peritoneal exudate leukocytes 
were also obtained for study 14 days following discon- 
tinuation of cortisone injections. 

Three different aspects of polymorphonuclear leuko- 
cytic function were investigated: 1) ability to ingest 
and kill certain microorganisms, 2) details of 
morphology before and after ingestion of bacteria, and 
3) content of certain bactericidal agents. 

The suspending medium for the tests of phagocytic 
function was Gey’s balanced salt solution containing a 
final concentration of 0.1 per cent gelatin, hereafter re- 
ferred to as gel-Gey's solution. A portion of the peri- 
toneal exudate was centrifuged (International PR 2) 
at 1,000 rpm for 5 minutes. The cell button was then 
washed twice on the centrifuge in 40 ml of gel-Gey’s. 
instances over 95 per cent 
The washed white cells 


cellular 


Exudate cells were in all 
polymorphonuclear leukocytes. 
were finally suspended in gel-Gey’s solution at a con- 
centration of 20,000 per mm*. Phagocytic tests were 
done in 10 * 75 mm Pyrex test tubes into which were 
placed 0.8 ml of the leukocyte suspension, 0.1 ml of whole 
or diluted serum, and 0.1 ml of the bacterial inoculum. 
After capping with sterile rubber stoppers, the tubes 
were rotated end over end at 38° C. Before incubation 
and at suitable intervals, samples were removed from 
each tube and the numbers of surviving bacteria deter- 
mined by serial dilution in penassay broth and plating on 
penassay agar. Control tubes containing no white cells 
always showed a stable bacterial count, indicating that 
bactericidal effects observed in the test specimens were 
based on phagocytosis and intracellular killing. The mi- 
croorganisms employed were Staphyloccus albus (Greaves ) 
negative) and Salmonella 
variant. The mi- 


(nonpigmented, coagulase 
typhimurium RIA, nonvirulent 
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crobes were cultured overnight on penassay agar slants. 
The surface growth was suspended in gel-Gey’s and 
washed once on the centrifuge in this medium. Appro- 
priate dilutions were made in gel-Gey’s so that the phago- 
cytic test system would contain initially betweén 10° and 
10° bacteria per ml. 

Polymorphonuclear leukocytes from the fresh exu- 
dates were examined for morphology and for degranula- 
tion following ingestion of foreign material by a_pro- 
cedure described previously (8). In brief, this technique 
involved sedimentation of granulocytes onto glass slides 
followed by phagocytosis of bacteria in situ. Examina- 
tion of Wright's stained preparations of these specimens 
permitted evaluation of various morphological features, 
and especially of the degranulation response to phagocy- 
tosis, in cells obtained from cortisone-treated rabbits. 

The remaining exudate leukocytes were collected in 
the centrifuge, freed from contaminating red blood cells 
and washed according to the methods described in an 
earlier report (7). The washed white cell buttons were 
stored in the frozen state and examined for their con- 
tent of antimicrobial substances at a later date. This 
examination was done in parallel with similarly collected 
white cell buttons control animals 
which had not received cortisone. The cell buttons were 
frozen and thawed 3 times in dry ice-alcohol mixtures 
and a 38° C bath. The frozen-thawed buttons were sus- 
pended in saline at a concentration of 5 X 10° leukocytes 
per ml, and allowed to stand at room temperature for 30 
minutes. These suspensions were then spun at 12,000 
G for 15 minutes. The supernatant, called saline extract, 
was stored in the cold. The pellet was washed twice 
with saline by high speed centrifugation, and the super- 
natant discarded. The deposit was next suspended in 
0.01 M citric acid and, after standing at room tempera- 
ture for 30 minutes, was centrifuged at 12,000 G. The su- 


and treated from 


pernatant of this citric acid extraction was saved for 
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subsequent testing. After two washings with 0.01 M citric 
acid, the deposit was finally extracted with 0.2 N HCl. 
This procedure, taken after that described previously 
(9), permitted separation of three of the major intra- 
leukocytic antimicrobial substances: lysozyme, present 
in the saline extract; phagocytin, found in the citric acid 
extract; and histones, located in the hydrochloric acid 
extract. Assay for was performed by the 
method of Shugar (10) with slight modification. Phago- 
cytin and histone titrations were performed by a _ tech- 
nique described previously (9), using Salmonella RIA 
as the test organism. 

Comparisons were made of the opsonic activity of se- 
rum from normal and cortisone-treated rabbits by em- 
ploying the phagocytosis system described above. Addi- 
tion of serial dilutions of serum enabled a titration of 
opsonic power; i.e., a determination of the lowest con- 
centration of a given serum which manifested a distinct 
These observations were 


lysozyme 


phagocytosis-promoting effect. 
made in systems with leukocytes from cortisone-treated 
animals, as well as in those containing normal rabbit 
granulocytes. 

Measurement of serum bactericidins was done by the 
technique described in an earlier publication (11), using 
Bacillus subtilis for estimation of B-lysins, and Escheri- 
chia coli K-12 for titrations of the complement-serum 
antibody bactericidal system. 


RESULTS 


General effects of cortisone administration on 
the experimental rabbits. The rabbits given large 
doses of cortisone (25 mg per kg per day) for 11 
consecutive days lost approximately 10 per cent 
of their body weight during this period. None 
showed gross signs of infection or other compli- 


Performance in a phagocytic system of polymorphonuclear leukocytes and of serum 
from normal and cortisone-treated rabbits 


Normal rabbit leukocytes 


‘Sal. RIA 


Serum, final concentration Staph. albus ? 

% (4 X105)* (1 X10*)* 
Normalt 10 9 103 
Normal 3 6 X 108 2 X 10 
Normal 1 6 X 108 6 xX 105 
Normal 0.3 5 xX 104 1 x 108 
Cortisonet 10 8 X 108 4 xX 10° 
Cortisone 5 X 103 3 
Cortisone 1 2 xX 108 1 Xx 108 
Cortisone 0.3 3 x 10! 1 xX 106 
None 2X 105 


* Bacterial counts at start of incubation. 


Numbers of surviving bacteria per ml after 60 min at 38° C 


Leukocytes from rabbit Leukocytes from rabbit 14 
given cortisone for 11 days days after end of cort. admin. 


Sal. RIA 


Staph. albus Sal. RIA Staph. albus 

(5 X105)* (6 X105)* (6 X105)* (8 K105)* 
2 X 10° 8 10° 3 103 7X 10° 
2 X 10° 2 X 104 6 X 10% 2 x 108 
1 xX 108 3 105 5: xX 16+ 6 xX 10° 
8 X 10° 7 X 105 6 X 104 1 xX 106 
1 X 10° 6 X 10° 1X 108 1 104 
1¢ 2 X 104 4 X 10° 3 10° 
2 108 5 5 108 1 xX 106 
1 xX 104 8 X& 10° 1 x 10° 1X 10° 
3 X 105 8 10° 3 105 8 10° 


+ From experimental rabbit prior to cortisone administration. 


t From experimental rabbit after 11 days of cortisone injections. 
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TABLE II 


Performance in a phagocytic system of polymorphonuclear leukocytes 


and of serum from normal and cortisone-treated rabbits 


Minimal concentration of serum required for og 


phagocytosis and killing in 1 hour at 38° C wit 


Polymorphonuclear 
leukocytes from 


Normal rabbit 1 
Cortisone-treated rabbit 0.3 


cating illness before or during cortisone treatment. 
The sera separated from blood drawn after 10 or 
11 days of hormone injections were opalescent, and 
showed an elevated sugar content (approximately 
150 mg per 100 ml) with no detectable ketone 
bodies, in contrast to the clarity and normal sugar 
concentration of the pretreatment sera. 

Peritoneal exudates, harvested from the rabbits 
given large doses of cortisone, contained numbers 
of cells (5 x 10° to 1.5 x 10°) similar to those 
produced in normal animals, Over 95 per cent of 
these exudate cells in the treated rabbits were 
polymorphonuclear leukocytes; they differed 
grossly from normal rabbit granulocyte suspen- 
sions only in showing less clumping and less ad- 
herence to glass upon standing at room tempera- 
ture. 

Function in phagocytic systems of polymorpho- 
nuclear leukocytes and of serum from rabbits 
treated with cortisone, Comparisons were made 
in vitro of the ability of polymorphonuclear leuko- 
cytes from normal and cortisone-treated rabbits to 
engulf and kill a Staph. albus and an avirulent 
strain of Sal. typhimurium. By including in these 


Normal rabbit serum 


"Sal. RIA 


Staph. albus 


Serum from cortisone- 
treated rabbit 


Staph. albus 


Sal, RIA 


3 0.3 3 
3 0.3 3 


phagocytic systems dilutions of serum obtained 
prior to and during cortisone administration, it 
was also possible to study the effect, if any, of 
steroid injections on serum opsonic power. 

Results of a typical experiment are recorded in 
Table I, and are also presented in condensed form 
in Table II. Phagocytic and bactericidal capacity 
of leukocytes from cortisone-treated animals was 
the same as that of cells from normal rabbits. 
Granulocytes obtained 2 weeks after cessation 
of hormone injections demonstrated no detectable 
difference in their behavior. 

The phagocytosis-promoting power of serum 
obtained prior to and 11 days after the start of 
cortisone therapy was not significantly different. 

These studies thus demonstrated that large doses 
of cortisone had no detectable effect on polymor- 
phonuclear leukocytic function or on serum op- 
sonins as measured in this particular phagocytic 
system. 

Studies on morphology and on the degranulation 
process in polymorphonuclear leukocytes obtained 
from rabbits receiving large doses of cortisone. 
Examination of preparations stained by Wright's 


TABLE III 


Content of antimicrobial agents in granulocytes from normal and cortisone-treated rabbits 


Polymorphonuclear 


leukocyte extracts Leukocytes from 


Saline Normal rabbit 


Cortisone-treated rabbit 


Citric acid Normal rabbit 


Cortisone-treated rabbit 
HCl Normal rabbit 


Cortisone-treated rabbit 


38 


Content of 


Lysozyme Phagocytin “Histones” 


ug/ml U* use 
42 160 
45 160-320 


trace 1,280 


trace 1,280 


0 2,560 
0 2,560 


* Reciprocal of highest dilution of the extract which produced greater than a 90°% kill of Salmonella RIA in 1 hour 


196 
As 
= 
po 
ra 
= 
ad 
at 
4 


ADRENAL STEROIDS AND INFECTION 


TABLE IV 
Serum bactericidins in normal and cortisone-treated rabbits 


Serum from rabbit 
Prior to cortisone administration 
After 11 days of cortisone injections 


Bactericidal activity* on 


Escherichia coli K-12 
(complement-antibody) 


Bacillus subtilis 
(B-lysins) 
2,000 
4,000 


8-16 
8 


* Reciprocal of highest dilution which produced > 90% kill in 90 min at 38° C. 


revealed no significant differences in the appear- 
ance of polymorphonuclear leukocytes from peri- 
toneal exudates of normal and of cortisone-treated 
rabbits. The cells from animals receiving steroid 
hormone did show some hypersegmentation of 
nuclei, and perhaps a slight increase in numbers 
of cytoplasmic granules. The specific granules 
in these leukocytes showed size, structure and 
staining properties similar to those of normal 
rabbit granulocytes, 

After ingestion of streptococci or zymozan par- 
ticles, leukocytes from the cortisone-treated ani- 
mals showed loss of cytoplasmic granules. This 
degranulation subsequent to phagocytosis was not 
quantitatively or qualitatively different from that 
previously reported for normal rabbit polymor- 
phonuclear white cells (8). 

Study of the effect of cortisone administration 
on the content of antimicrobial substances in poly- 
morphonuclear leukocytes. _Polymorphonuclear 
leukocytes from normal and from cortisone-treated 
rabbits were extracted in a fashion which permitted 
estimation of their content of three antimicrobial 
agents: lysozyme, phagocytin, and histones. Re- 
sults of these studies, presented in Table III, 
show that cortisone therapy did not alter the quan- 
tity of these bactericidins present in granulocytes. 

The lack of demonstrable effect of cortisone 
therapy on activity of serum bactericidins. Se- 
rum samples obtained from the same rabbit 
prior to and after 11 days of cortisone injections 
were assayed for their content of two types of 
bactericidins: 8-lysins, and the complement-anti- 
body system. As is seen in Table IV, the level of 
these serum bactericidal systems was not changed 
by steroid administration. 


DISCUSSION 


The increased susceptibility to infections of ani- 
mals with abnormally high levels of certain adrenal 


steroids could be due to one of two gross mecha- 
nisms: 7) a direct effect of steroids on the mi- 
crobes, somehow altering their properties so as 
to increase their virulence; or 2) an action on 
host defense systems resulting in lowered re- 
Efforts to demon- 
strate an influence of corticoid hormones on viru- 
lence of microorganisms cultured in vitro have 
met with no success; there remains the remote 
possibility that microorganisms growing in vivo 
might be directly altered by adrenal steroids. 
At the moment, however, it seems best to assume 
that native or acquired host resistance mechanisms 
are disturbed in the presence of high levels of 
cortisone-like compounds. 

The present studies serve to eliminate from 
consideration several of the host resistance fac- 
tors which might conceivably be suppressed by 


sistance to microbial invasion. 


The mor- 
phology, the phagocytic and bactericidal functions, 
and the content of antimicrobial agents of poly- 
morphonuclear leukocytes were not detectably al- 
tered in rabbits injected repeatedly with large 
doses of cortisone. These results thus support 
and extend those of Mogabgab and Thomas (12) 
and of Germuth, Ottinger and Oyama (13). They 
serve furthermore to cast doubt upon previous 
work purporting to show diminished phagocytic 
function of granulocytes from cortisone-treated 
animals (14, 15). 

The mobilization of granulocytes in the corti- 
sone-treated rabbits of the present study was 
grossly normal; i.e., abundant numbers of these 
cells were obtained in exudates produced by in- 
traperitoneal injection of glycogen. However, the 
migration of granulocytes into tissues of these 
animals in response to implantation of small num- 
bers of certain microbes might well have been de- 
ficient or significantly delayed, in keeping with 
the findings of several previous studies on this 
point (reviewed in Reference 5). 


elevated corticosteroid concentrations. 
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Investigations into relationships between  se- 
rum antibodies and cortisone administration (4, 5) 
have yielded somewhat conflicting results, but 
there seems now to be a measure of agreement 
that suppression or elimination of antibodies is 
not primarily responsible for the altered host re- 
sistance. The present observations support this 
view, and they also demonstrate that serum from 
cortisone-treated rabbits possesses a normal con- 
centration of heat-labile opsonins. The lack of in- 
fluence of cortisone therapy on the level of serum 
hactericidins for coliform microbes provides fur- 
ther evidence that high levels of glucocorticoids do 
not significantly suppress antibodies or comple- 
ment, since these components are both essential 
for this bactericidal activity. 

The present experiments thus indicate that the 
depression of host resistance to infection which 
occurs in association with high levels of cortico- 
steroid hormones is not based upon alterations in 


polymorphonuclear leukocytic functions or in 


serum opsonins and bactericidins. Studies done 
by others (reviewed in References 4 and 5) indi- 
cate furthermore that changed behavior of mono- 
nuclear phagocytes is not primarily responsible 
for the cortisone effect on susceptibility to mi- 
crobial disease. Thus, the evidence available at 
present suggests that adrenal glucocorticoids de- 
press host resistance by suppressing the inflam- 
matory response, and perhaps also by altering 
metabolism so as to render the local tissue chemi- 
cal environment more favorable for proliferation 


of various microbes. 


SUMMARY 


Polymorphonuclear leukocytes collected from 
rabbits given large doses of cortisone exhibit nor- 
mal capacity to engulf and kill certain staphylo- 
cocci and enteric bacteria. The general morphol- 
ogy and degranulation response to phagocytosis 
of these cells are not detectably different from 
those of leukocytes from normal rabbits. 

Granulocytes from normal and from cortisone- 
treated rabbits contain similar amounts of the 
antimicrobial agents lysozyme, phagocytin and 


histone. 


JAMES G. HIRSCH AND ALICE B. CHURCH 


Administration of large doses of cortisone to 
rabbits is not associated with significant changes 
in opsonic or bactericidal activities of the serum. 
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(From the Metabolic Unit for Research in Arthritis and Allied Diseases and the Department 
of Medicine, University of California School of Medicine, San Francisco, Calif.) 


(Submitted for publication December 6, 1960; accepted January 27, 1961) 


Two methods (1, 2) for the immunochemical 
assay of circulating human insulin have been de- 
scribed recently. Both are based on the displace- 
ment of insulin-I'*' from antibody by the addition 
of unlabeled insulin but differ in the conditions 
employed for the combination of insulin to anti- 
body and for the subsequent separation of the 
bound from free insulin. Beef insulin was used 
as the reference standard by Grodsky and For- 
sham (1) because a) human insulin of sufficient 
purity to allow determination of its specific insu- 
lin content by biological assay was not available, 
and b) it was shown that human and beef insulins 
bind to guinea pig antibeef insulin antibody in a 
proportional relationship. Yalow and Berson 
(2) criticized the use of beef insulin as a standard, 
stating that Auman and beef insulins react dispro- 
portionately with guinea pig antiserum. 

In other communications (3, 4), a 25- to 100- 
fold difference between the affinity of human in- 
sulin and beef insulin for antibodies produced in 
the human against antibeef-pork insulin was re- 
ported. 

The importance of these phenomena in the im- 
munoassay of circulating insulin, as well as their 
effect on the metabolism of this hormone, has re- 
cently become apparent. On the basis of these 
considerations, we undertook to reinvestigate the 
quantitative relationship between beef and human 
insulin for binding to guinea pig and human anti- 
body. 

MATERIALS AND METHODS 
Bovine crystalline insulin, lot no. T-2842, was obtained 


from Eli Lilly & Co. Fisher human insulin! was re- 
ceived in 1960 from the Connaught Labs., Toronto, Can- 


* Supported by Grant A-3869 from the National In- 
stitute of Arthritis and Metabolic Diseases and by a 
grant from Eli Lilly & Co. 

1We are greatly indebted to Dr. A. M. Fisher for 
supplies of this preparation. 


ada (assay in 1956=6.8 U per mg based on a standard 
containing 22 U per mg). Individual extracts contain- 
ing crude human insulin were prepared from human 
pancreas obtained at surgical biopsy (preparation A) or 
at autopsy (preparations B and C) by a modification (5) 
of the Jephcott procedure (6). An identical extract of 
bovine insulin was similarly prepared from fresh ox 
pancreas. Human antiserum was obtained from a sub- 
ject with insulin-resistant diabetes at least 24 hours af- 
ter any injection of beef-pork insulin. 

Comparative effect of changing concentration of beef 
or human insulin on the binding of beef insulin-I™ to 
guinea pig insulin antibodies. The binding of beef insu- 
lin-I™ to antibodies against beef insulin produced in 
guinea pigs, and the subsequent of the 
bound insulin with described in a 
previous report (1). In some of the later studies pre- 
cipitation was accomplished with sodium sulfate at 25° in 
place of sodium sulfite at 4° C. Sodium sulfate produced 
a more compact, easily centrifuged precipitate; however, 
results in either case were essentially the same. 


precipitation 


sodium sulfite was 


Each 
of the human insulin preparations was initially diluted 
with 5 per cent albumin so that after incubation and salt 
precipitation, the per cent insulin-I™ activity displaced 
into the supernatant was comparable with that produced 
by a beef insulin standard of 150 wU of insulin per ml. 
Thereafter, progressively increasing or decreasing con- 
of the diluted human insulin 
were similarly treated, and the resulting per cent activity 
in such supernatant was plotted. If changing human in- 
sulin concentration causes a displacement of insulin-I™ 
from antibody proportional to that effected by changing 
beef insulin concentration, the curves obtained for the 
human and the beef insulins should coincide. This tech- 
nique eliminates the necessity for using calculations of 
insulin content of the crude human preparations based 
on a biological assay. 

The comparative affinity of human and beef insulin for 
human antibeef-pork insulin antibodies. Each prepara- 
tion of human insulin was assayed by incubation with 
guinea pig antiserum and by comparison with a reference 
curve made after incubation of beef insulin with the 
same guinea pig antiserum.2. The human insulin prepara- 
tions were then reassayed by 


centrations preparations 


incubation with human 
“Two different dilutions of the human insulin prepa- 
rations were used for each determination. Determina- 


tions were repeated on 3 to 18 different days. 
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OF VARIOUS INSULIN PREPARATIONS 


GUINEA PIG ANTI-INSULIN SERUM, 


antiserum and comparison with a reference curve made 
after incubation of beef insulin with /uman antiserum. 
If the affinity of human insulin for human antibody is 
poor, the assay of the human insulin in systems using 
human antisera would be much lower than the compara- 
tive assay against guinea pig antisera. In this study, 
too, a biological assay of the human preparations was not 
necessary. 


RESULTS 


For the range of insulin concentrations em- 
ployed, the percentage of radioactivity in the su- 
pernatant after incubation was generally propor- 
tional to the log of the concentration of added un- 
labeled insulin. The supernatant activities after 
incubation of various dilutions of each of the hu- 
man insulin preparations are plotted in Figure 1. 
The three crude human insulin preparations, the 
Fisher insulin, and the extract of beef pancreas 
produced points which, within the error of the 
method, coincided exactly with the reference curve 
produced by the crystalline beef insulin. The 
Fisher insulin, when assayed against guinea pig 
antibeef insulin antibody, contained 4.04 + 0.87 U 
or 144 + 31 yg of insulin per mg (+ = 2 X SE). 
Results were unchanged when the incubations 
were carried out at pH 7.4 instead of 8.6 or for 
periods of 4 days instead of 1 hour. 

Results of assays using crystalline beef insulin 
as reference standards for the crude human insu- 
lin preparations A and C, Fisher human insulin, 
and the crude beef insulin either were not sig- 
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DISPLACING BEEF INSULIN-I*™ FROM 


nificantly different or varied less than one-fold 
regardless of whether human antiserum or guinea 
pig antiserum was employed in the incubations 
(Figure 2). Although the assay of human insulin 
preparation B was significantly lower (p= < 
0.001) when measured against human antisera 
than when measured against guinea pig antisera, 
the quantitative difference was less than threefold. 
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Fic. 2. IMMUNOCHEMICAL ASSAY OF BEEF AND HUMAN 
INSULIN IN SYSTEMS EMPLOYING INSULIN ANTIBODIES 
PRODUCED IN MAN AND GUINEA PIGS. Crystalline beef in- 
sulin was used for all reference curves. Figures in pa- 
rentheses equal total number of determinations; I = 2 X 
SE. Plain columns: unknowns and reference standards 
compared against guinea pig antiserum. Dotted col- 
umns: unknowns and reference standards compared against 
human antiserum. 
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DISCUSSION 


Our previous finding (1) that different con- 
centrations of human and of beef insulin produce 
proportionate changes in the binding of insulin-I'** 
to guinea pig antibody has been confirmed with 
four different preparations of human _ insulin. 
Therefore, under the experimental conditions 
employed, changing concentrations of human insu- 
lin may be equated with an immunochemical sys- 
tem employing beef insulin standards. 

According to Yalow and Berson (2), “beef in- 
sulin cannot be used as a standard for the assay 
of human insulin in the guinea pig antibody insu- 
lin system” and investigations employing beef 
standards are to be considered “invalid.” The 
conditions of their experiments (pH 7.4, incuba- 
tion time 4 days), however, were quite different 
from those used by Grodsky and Forsham (1) 
(pH 8.6, incubation time 1 hour). Since both 
pH (7) and time of incubation (8) have a known 
effect on formation of insulin-antibody complexes, 
it was initially believed that differences in these 
or less obvious experimental conditions could 
have accounted for the different conclusions 
reached by the two investigations. In our experi- 
ments neither incubation at pH 7.4 nor incubation 
for 4 days at 4° C altered the results. Although 
Yalow and Berson noted that “the relative degree 
to which human insulin and beef insulin react at 
different insulin concentrations varies several- 


N 
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fold,’ these conclusions are difficult to reconcile 
with their own data, as shown in Figure 3. If 
the ratio of bound to free insulin-I'*! (B/F) ob- 
tained after incubation with the concentrations of 
Fisher human insulin estimated at 0.25, 0.5, 1.0, 
2.0, 2.5 and 3.0 mpg per ml are read against the 
crystalline beef insulin curve, the resultant assays 
in “beef insulin equivalents” are 0.12, 0.27, 0.55, 
1.0, 1.12 and 1.35 myg per ml, respectively. The 
proportionality (beef insulin equivalents/ assumed 
insulin content) varied only from 0.45 to 0.55 re- 
gardless of the point chosen along the curves for 
the calculations. Therefore, although the curves 
of Yalow and Berson for human and beef insulin 
diverge, they remain proportional to each other 
throughout the range where B/F is sensitive to 
changing insulin concentration. Fisher human in- 
sulin was biologically assayed at 6.8 U per mg in 
1956, “but it was believed that the activity of the 
latter preparation might have decreased slightly 
...” (2). Tuese authors assigned a value of 
6.0 U or 282 pg* per mg to the Fisher insulin 
but did not report the calculations employed for 
estimating the insulin degradation over a 3 year 
interval. If one takes the actual insulin content 
of this preparation to be 0.45 to 0.55 of the esti- 
mated 6.0 U and corrects for the difference in unit 
size between the Toronto standard (22 U per mg) 
and the Eli Lilly & Co. standard (27 to 29 U per 


3 This value representing 6/22 x 1,000 is more cor- 
rectly 273 ug. 
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Fic. 3. COMPARISON OF THE EFFECTIVENESS OF VARIOUS CONCENTRATIONS 
OF FISHER HUMAN INSULIN AND CRYSTALLINE BEEF INSULIN IN REDUCING 
THE BOUND TO FREE (B/F) RATIO FOR BEEF INSULIN-I™, * Data plotted on 
basis of insulin content of Fisher preparation estimated as 282 ug per mg 
(2). +Same data plotted on basis of insulin content of Fisher preparation 
assayed by Eli Lilly & Co. as 146 ug per mg. 
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mg), a value of 3.44 to 4.21 U or 122.5 to 150 pg 
of insulin per mg for Fisher insulin is obtained. 
This value is in excellent agreement with our own 
finding of 4.04 + 0.87 U or 144+ 31 yg of insu- 
lin per mg, based on immunoassay against a crys- 
talline beef insulin standard. <A portion of the 
Fisher insulin was sent to Eli Lilly & Co. as a 
blind sample for biological assay. Its potency 
was reported to be 4.08 + 19.8 per cent U per 
mg* (p = 0.05). 
by Yalow and Berson using this estimate of in- 


If one replots the data reported 


sulin content, the curves for human and beef insu- 
On 
the basis of our findings and the data of Yalow 


lin are almost superimposable (Figure 3). 


and Berson, it therefore appears that human and 
beef insulin effectively cross react in a proportional 
and nearly equivalent manner. [As stated previ- 
ously, however, the exact evaluation of the quan- 
titative relationship between human and beef in- 
sulin must await the availability of a crystalline 
insulin of sufficient purity to allow unequivocal 
determination of its insulin content by biological 
assay (1).| Since the Fisher preparation was 
used as a standard by Yalow and Berson for their 
assays of circulating insulin in human sera, their 
values perhaps should be reduced by approxi- 
mately 50 per cent. Thus, normal human circu- 
lating insulin estimated at 27 »#U per ml (2) may 
be closer to 13 »U per ml. 

In the report that the affinity of human insulin 
for human antibody was 25 to 100 times less than 
that of beef insulin, it was suggested that the na- 
ture of the three amino acids under the disulfide 
bridge in human insulin might be responsible for 
In contrast, 
our results showing the comparative agreement 


such differences in antigenicity (4). 


between the assay values for human insulin against 
beef insulin standards, when either guinea pig or 
human antisera were used, suggest that extracted 
human insulin binds almost as well to human anti- 
beef-pork insulin antisera as does beef insulin. 
The finding by Nicol and Smith (9) that human 
insulin and pork insulin have an identical amino 
acid structure under the disulfide bridge strongly 
indicates that antigenic differences between ex- 
tracted human insulin and insulin from this spe- 
cies (if they exist) do not occur at that site on the 
insulin molecule. 


*We are indebted to Mr. William Baum for the bio- 
logical assay of this preparation. 
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SUMMARY 

The comparative effect of changing the concen- 
tration of beef or human insulin on the binding of 
beef insulin-I'** to insulin antibodies produced in 
the guinea pig or man was reinvestigated, using 
a technique involving the separation of bound 
from free insulin by preferential salt precipitation. 

Varying dilutions of four different preparations 
of crude human insulin produced changes in the 
binding of insulin-I'*' to guinea pig antibody 
proportional to changes in concentration of crys- 
talline beef insulin. Biological assay of the purest 
human insulin (Fisher insulin) was 4.08 + 19.8 
per cent U per mg. Jmmunological assay, using 
beef insulin as reference standard was 4.04 U per 
mg, SE = 0.43. It was concluded that extracted 
human and beef insulin cross react with guinea pig 
antibeef insulin in a proportional and nearly equiv- 


alent manner. 

Agreement between the immunoassay values for 
human insulin against beef insulin standards when 
either guinea pig or human antisera were used 
was demonstrable, suggesting that extracted hu- 
man insulin binds almost as well to human anti- 
beef-pork insulin antisera as does beef insulin. 
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STUDIES ON THE ACTION OF HAGEMAN FACTOR: EVIDENCE 


THAT ACTIVATED HAGEMAN FACTOR IN TURN ACTI- 


Hageman factor is a component of normal 
plasma which participates in the early stages of 
blood coagulation (1). In freshly drawn blood, 
Hageman factor seems to be inactive, but con- 
tact with glass or certain other adsorbents changes 
it to an active form (2-8). The specific function 
of this activated Hageman factor has been puz- 
zling. Several investigators have proposed that 
it reacts with a second clotting factor—plasma 
thromboplastin antecedent—to produce a_ clot- 
promoting substance (5, 9-12). In turn, the 
function of this clot-promoting substance remains 
to be explained, although its interaction with 
Christmas factor has been suspected (11, 13). 
In the present study, techniques are described 
for preparing Hageman factor and plasma throm- 
boplastin antecedent, each apparently deficient 
in other recognized clotting factors. The avail- 
ability of these fractions has made it possible to 
examine their interaction. Evidence will be pre- 
sented that activated Hageman factor converts 
plasma thromboplastin antecedent into a clot-pro- 
moting substance—activated plasma thromboplas- 
tin antecedent—by an enzymatic process. In turn, 
the clot-promoting substance probably acts enzy- 
matically, although its substrate is not yet defined. 


NOMENCLATURE 


The terminology used to describe the clotting factors 
and hemorrhagic disorders has been summarized else- 
where (14). Briefly, Hageman trait refers to a’ familial 
disorder of the early stages of coagulation, first observed 
in a man without hemorrhagic symptoms (1). The 
plasma of patients with Hageman trait behaves as if it 
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were deficient in Hageman factor (1). Plasma throm- 
boplastin antecedent (PTA) deficiency is a _ familial 
hemorrhagic disease in which the plasma appears to be 
deficient in PTA (15). Antihemophilic factor and 
Christmas factor are deficient in the plasma of patients 
with classic hemophilia and Christmas disease [or plasma 
thromboplastin component (PTC) deficiency], respec- 
tively. 

The initial stages of the coagulation of plasma in vitro 
involve the interreactions of Hageman factor, PTA, 
Christmas factor and antihemophilic factor to form 
plasma thromboplastin. Platelets or certain phospho- 
lipids and calcium ions are also intimately concerned 
with the formation of plasma thromboplastin. In turn, 
plasma thromboplastin, in some undefined association 
with Stuart factor (Factor X), proaccelerin (Factor V), 
and calcium tons, converts prothrombin to thrombin. 
Thromboplastin may also be derived from tissues; tissue 
thromboplastin is optimally effective only in the presence 
of the precursor of serum prothrombin conversion ac- 
celerator (pro-SPCA or Factor VII). These interre- 
lationships are demonstrated in Figure 1. 


MATERIALS AND METHODS 


Unless otherwise noted, all studies were performed 
with blood, plasma or plasma fractions which had been 
collected or prepared in silicone-coated tubes and had 
never wittingly been in contact with glass or similar clot- 
promoting surfaces. 

Venous blood was drawn from the antecubital veins 
of normal subjects or from patients with various coagu- 
lative disorders, using no. 18 gauge needles coated with 
Arquad-2C (Monocote-E, Armour) and glass syringes 
coated with silicone (G.E. Dri-Film SC-87). 

Experiments were performed with blood obtained 
from 5 patients with Hageman trait and 3 with PTA 
deficiency. The five with Hageman trait included J.H., 
M.R. and T.R., who were Patients I, II and III in an 
earlier publication (1); V.S., a 35 year old woman: and 
T.W., a 12 year old girl. V.S. and T.W. each has a 
brother with the same defect. Only V.S. has had symp- 
toms suggesting a bleeding tendency; she had vaginal 
bleeding during the early months of a pregnancy still 
in progress. The patients with PTA deficiency were 
M.W. and B.Y., two of the three patients described in 
Rosenthal, Dreskin and Rosenthal’s original study (15), 
and G.P., whose case was reported by Todd, Panter and 
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A TENTATIVE OUTLINE OF SOME STEPS IN THE CLOTTING PROCESS. 


Reprinted with permission of C. C Thomas, Springfield, Ill. (14). 


Wright (16). M.W. and B.Y. were bled in New York 
and their frozen plasma carried to Cleveland, while G.P. 
was bled at different times in New York or Cleveland. 
The identity of the defect in the three patients with 
PTA deficiency has been confirmed by both Dr. Robert 
Rosenthal (17) and ourselves. 

Platelet-deficient citrated plasma was prepared by an 
adaptation of the method of Conley, Hartman and Morse 
(18). Thirty ml of venous blood was withdrawn and 
discarded. Next, 30 ml or more of venous blood was 
drawn through the same needle with fresh syringes. This 
blood was mixed with one-ninth its volume of 0.13 M tri- 
sodium citrate and its cells were removed by centrifuga- 
tion in silicone-coated Lusteroid tubes at 2,700 G for 15 
minutes in an International SB size 1 centrifuge. The 
plasma was recentrifuged twice for 10 and 30 minutes, 
respectively, at 27,000 G in an International high speed 
centrifuge. This platelet-deficient plasma was kept in 
silicone-coated Lusteroid tubes. It was then refrigerated 
in ice water and used within a few hours or stored at 

25° C until used. Unless otherwise noted, this platelet- 
deficient, citrated plasma, which had had no contact with 
glass was used in all the experiments to be described. 

Aluminum hydroxide-adsorbed plasma is deficient in 
prothrombin, pro-SPCA, Stuart factor and Christmas 
factor. It was prepared by incubating 10 vol of plasma 
with 1 vol of aluminum hydroxide gel for 3 minutes at 
37° C in silicone-coated Lusteroid tubes. The mixture 
was then centrifuged for 5 minutes at 2,700 G. The su- 
pernatant plasma was usually used immediately, but its 
content of inactive Hageman factor and PTA was pre- 
served by storage at — 25° C for several months or 
more. For different purposes, dilute or concentrated 
aluminum hydroxide gels were used. 

Dilute aluminum hydroxide gel was prepared by di- 
luting 1 part of a commercial suspension! with 3 parts 


1 Provided through the of Cutter Labs., 


serkeley, Calif. 


courtesy 


of water, while concentrated aluminum hydroxide gel was 
undiluted Amphojel.2) The concentration of aluminum 
hydroxide gels, as provided by the manufacturers, is ex- 
pressed in terms of aluminum oxide. The dilute alumi- 
num hydroxide gel contained 0.6 per cent and the con- 
centrated gel 4 per cent aluminum oxide; the latter also 
contained small, unspecified quantities of glycerin and 
sodium benzoate. 

Barium sulfate-adsorbed serum is deficient in pro- 
thrombin, pro-SPCA, Stuart factor and Christmas fac- 
tor. It was prepared by incubating venous blood for 4 
hours at 37° C in Pyrex tubes. The serum was then 
separated by centrifugation, incubated for 20 hours at 
37° C and stored at — 25° C. Prior to use the serum was 
adsorbed for 10 minutes at room temperature with 100 
mg of powdered barium sulfate (Baker) per ml. After 
centrifugation the adsorbed serum was used within a few 
hours. 

Heated plasma was prepared by incubation in a water 
bath. The temperature was determined by immersing 
the bulb of a silicone-coated thermometer in the tube of 
plasma or was estimated by immersing a thermometer in 
a similar tube containing water and heated simultane- 
ously in the same section of the water bath. 

Ammonium sulfate fractionation of plasma was _ per- 
formed jn silicone-coated Lusteroid tubes by the addi- 
tion of ammonium sulfate solution, saturated at 4° C 
and neutralized by the addition of 10 ml of concentrated 
ammonium hydroxide per L. The mixture was stored at 
4° C for 1 hour or more and centrifuged for 5 minutes at 
2,700 G. Each fraction was reprecipitated a second time 
prior to testing. Each was then dissolved in a volume 
of buffer equal to that of the original plasma and dialyzed 
against buffer for 48 hours. 

Carboxymethylcellulose-treated plasma was prepared 
by shaking 1 ml of plasma with 75 mg of carboxymethyl- 


2 Without flavor, furnished through the kindness of 
Wyeth Labs., Philadelphia, Pa. 
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ACTION OF HAGEMAN FACTOR 


cellulose for 10 minutes in uncoated Lusteroid tubes 
(ID 11 mm) in a mechanical shaker. The carboxy- 
methylcellulose was then removed by centrifugation at 
2,700 G for 5 minutes. Carboxymethylcellulose, con- 
taining approximately 0.72 mEq of acidic groups per g 
of cellulose, was prepared by the procedure of Ellis and 
Simpson (19). 

Crude Hageman factor, deficient in PTA, was pre- 
pared from plasma of patients with PTA deficiency. 
The plasma was adsorbed with dilute aluminum hydroxide 
gel to remove prothrombin, pro-SPCA, Stuart factor 
and Christmas factor; this treatment did not decrease 
the titer of Hageman factor appreciably. The plasma 
was then heated at 56° C for 0.5 hour; this process de- 
creased the titer of antihemophilic factor and _ proac- 
celerin, and precipitated fibrinogen but did not usually 
decrease the titer of Hageman factor. However, some 
preparations lost as much as half or more of their activity 
after adsorption and heating. 

The adsorbed, heated plasma was then diluted to twice 
its volume by the addition of 0.15 M sodium acetate (pH 
5.2) and sufficient 1 M acetic acid to bring the plasma 
to pH 5.2. The acidified plasma was diluted with an 
equal volume of water so that it was now at 4 times 
the original plasma volume, ionic strength 0.075 and pH 
5.2. It was next stirred at room temperature for 10 
minutes with 75 mg of carboxymethylcellulose for each 
ml of the original plasma, and centrifuged for 5 minutes 
at 2,700 G. The carboxymethylcellulose was washed 
twice with 0.075 M sodium acetate buffer (pH 5.2) and 
eluted twice at room temperature for 5 minutes each time 
with a mixture of equal amounts of 0.067 M sodium phos- 
phate buffer (pH 6.8) and 1 M sodium chloride. Each 
elution was done with a volume of eluting solution one- 
half that of the original plasma. The two eluates were 
combined, recentrifuged to remove traces of carboxy- 
methylcellulose, and dialyzed for 16 to 24 hours against 
buffer. The crude Hageman factor was stored in sili- 
cone-coated Lusteroid tubes at — 25° C until used. 

Crude Hageman factor, prepared in this way, con- 
tained 1 per cent or less of the protein of the plasma 
from which it had been prepared. In most preparations 
it retained substantially all of the plasma’s capacity to 
correct the abnormality in plasma deficient in Hageman 
factor. This crude Hageman factor was used in the ex- 
periments to be described. Further purification was ob- 
tained by column chromatography, adsorbing crude 
Hageman factor onto calcium phosphate gel and eluting 
it with a gradient of equal parts of 0.05 M and 0.5 M 
sodium phosphate buffer at pH 6.8. Still further separa- 
tion from other proteins could then be made by using 
phosphocellulose. Details of this purification will be pub- 
lished at a later date; preliminary data indicate a mini- 
mal purification of about 1,000-fold, compared with the 
plasma from which it was prepared, although the sig- 


nificance of such comparisons is made difficult by the 
nature of the assay system. 


Crude plasma thromboplastin antecedent, deficient in 
Hageman factor, was prepared in the same way as crude 
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Hageman factor from the plasma of patients with Hageman 
trait. The plasma was adsorbed with dilute aluminum 
hydroxide gel to remove prothrombin, pro-SPCA, Stuart 
factor and Christmas factor. This adsorption usually re- 
sulted in a decrease in the plasma’s PTA activity of 75 
to 80 per cent. The adsorbed plasma was then heated at 
56° C for 30 minutes to precipitate fibrinogen and to de- 
crease the titer of antihemophilic factor and proaccelerin. 
Plasma heated at 56° C had only about one-fourth or less 
of its original ability to shorten the clotting time of 
PTA-deficient plasma. However, when plasma was suc- 
cessively adsorbed with dilute aluminum hydroxide gel 
and heated at 56° C for 30 minutes, the loss of PTA ac- 
tivity was no greater than when either procedure was 
performed separately, so that adsorbed, heated plasma 
retained one-eight to one-fourth of its corrective capacity 
for PTA-deficient plasma. 

The adsorbed, heated plasma was then adsorbed with 
carboxymethylcellulose, and crude PTA was eluted in 
the same manner as Hageman factor. This fraction con- 
tained about 1 per cent of the protein of the untreated 
plasma, but because of the losses in the initial steps of 
preparation represented only a 10- to 20-fold purification 
of activity; again, the nature of the assay makes an esti- 
mate of the degree of purification hazardous. Additional 
purification of this crude PTA could not be achieved, for 
reasons to be discussed in Section VII of Results. 

A fraction of plasma that inhibits active Hageman 
factor and active plasma thromboplastin antecedent was 
separated from pooled outdated citrated plasma obtained 
from the blood bank. The plasma was adsorbed with 
concentrated aluminum hydroxide gel and heated at 56° 
C for 30 minutes. The fraction of plasma soluble at 50 
per cent saturation but insoluble at 70 per cent satura- 
tion with ammonium sulfate was separated by centri- 
fugation for 5 minutes at 27,000 G. This fraction was 
dissolved in buffer, reprecipitated at 70 per cent satura- 
tion, and collected on Whatman no. 54 filter paper on a 
Buchner funnel. The precipitate was dissolved in 1/6 
vol of water, dialyzed overnight against 0.01 M sodium 
acetate (pH 5.2) and the precipitate discarded after cen- 
trifugation. The supernatant solution was dialyzed against 
barbital-saline buffer; it contained the inhibitory activity, 
about fourfold concentrated as compared with the origi- 
nal plasma. Its degree of purification was not determined. 
In this state, the inhibitory property was stable for sev- 
eral months at — 25° C; this preparation was used in the 
experiments described. Further purification was possible 
by precipitating the fraction soluble at 22.5 per cent satu- 
ration with ethyl alcohol at pH 7.5 and ionic strength 
0.063, but insoluble at pH 5.6. However, this fraction 
was too unstable for further study. The inactivating 
property is also present in plasma fractions IV-1 and 
1V-4, as separated by Cohn Method 6.% 

Diisopropyl fluorophosphate (DFP)-treated plasma 
or plasma fractions were prepared by incubation of the 
appropriate plasma and DFP (K. & K. Labs., Long Is- 
land City, N. Y.) in barbital buffer in dialysis tubing at 


3 Ratnoff, O. D. Unpublished observations. 
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25° C for 1 hour, followed by dialysis against several 
changes of buffer at 4°. In some cases, the pure DFP 
was initially diluted in anhydrous isopropanol before the 
As a control for the latter ex- 
added to a_ similar 


final dilution was made. 


isopropanol was 


periments, 
plasma preparation to ascertain whether any of the in- 


pure 


hibition observed might be due to the isopropanol. In 
no case did the amount of isopropanol used produce any 
inhibition. 

Concentrations of Hageman factor, plasma thrombo- 
plastin antecedent, antihemophilic factor and Christmas 
factor were assayed by measuring the effect of the sample 
to be tested upon the recalcified clotting time of plasma 
obtained from individuals with congenital deficiencies of 
these factors (20, 21). Concentrations of prothrombin 
(22), proaccelerin (21), pro-SPCA (21) and Stuart fac- 
(23) were estimated by published methods. To 
test for thrombin, 0.1 ml of the sample was incubated 
with 0.1 ml of bovine fibrinogen solution at 37° C over- 
night. In addition, the same mixture was incubated in 
the presence of 0.1 ml of 0.025 M calcium chloride, since 
The solu- 


tor 


this salt potentiates the action of thrombin. 
tion of bovine fibrinogen, prepared commercially, was 
said to contain 300 mg of coagulable protein per 100 ml.° 

The thrombin time (1) and prothrombin time (24) were 
described techniques. Com- 
(Difco) was used as 
To test the effect of 
plasma fractions upon serum prothrombic activity, 0.1 or 
0.2 ml was pipetted into new Pyrex tubes. Sufficient ve- 
nous blood was added to bring the volume to 2.25 ml, and 
each tube was then inverted twice over Parafilm (Mara- 
thon). The tubes were incubated for suitable periods at 
37° C, stirred vigorously with 0.25 ml of 0.13 M sodium 
citrate, and re-incubated for 30 minutes. The tubes were 
then centrifuged at room temperature for 15 minutes at 
1,900 G, and the prothrombin content of the serum was 
The pro- 
thrombin content was compared with that of samples of 
plasma of the same blood obtained from similar tubes 
to which 0.25 ml of 0.13 M sodium citrate was added be- 


measured by previously 
mercial acetone-dried rabbit brain 


a source of tissue thromboplastin. 


measured by the method of Alexander (22). 


fore the addition of blood. 
“Cephalin’-fortified clotting 

the partial thromboplastin time (25), was devised to test 

the effect of clot-promoting fractions upon the clotting 


time, an adaptation of 


time of normal or abnormal plasmas in silicone-coated 
Duplicate determinations demonstrated the un- 
time in silicone- 
coated tubes unless coagulation was accelerated by the 
addition of traces of “cephalin.” The test was performed 
by incubating 0.1 or 0.2 ml of the fraction to be tested, 
0.1 ml of plasma and 0.1 ml of a “cephalin”-calcium mix- 
The tubes were 
Duplicate 


tubes. 


reliability of the recalcified clotting 


ture in silicone-coated tubes at 37° C. 
tilted once a minute until clotting occurred. 


* Russell's viper venom for this study was furnished 
through the kindness of Burroughs, Wellcome and Co., 
Tuckahoe, N. Y. 

» Bovine fibrinogen was provided through the courtesy 
of Warner-Chilcott Labs., Morris Plains, N. J. 
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determinations usually agreed within 1 minute when the 
clotting time was 20 minutes or less and within 3 min- 
utes when the clotting time was 30 minutes or less. The 
“cephalin’-calcium mixture, freshly prepared before each 
test, was composed of equal parts of 0.05 M calcium 
chloride and a crude chloroform extract of acetone-dried 
rabbit brain (26), diluted from its stock solution 4,000- 
to 8,000-fold with buffer. The stock solution was stored 
at — 25° C. 

The effect of incubating crude Hageman factor with 
plasma thromboplastin antecedent was tested by incubating 
a mixture of 0.1 ml of each, suitably diluted with buffer, 
in silicone-coated tubes for the time desired. The tubes 
were then chilled in an ice bath. Simultaneously, each 
fraction was incubated separately for the same interval, 
chilled, and mixed in the same proportions. One-tenth 
ml of PTA-deficient plasma and 0.1 m1! of the “cephalin’- 
calcium mixture were added to each tube and the “cepha- 
lin”-fortified clotting time was measured in the manner 
described. Conditions were so arranged that all tubes 
were assayed for clot-promoting activity simultaneously. 

Inhibition of the activation of plasma thromboplastin 
antecedent was studied by adapting the preceding tech- 
nique. QOne-tenth ml of crude Hageman factor, diluted 
1: 10, was incubated in a silicone-coated tube for 10 min- 
utes at 37° C with 0.2 ml of the substance to be tested. 
Then 0.1 ml of undiluted crude PTA was added and the 
mixture was incubated for 30 additional minutes, chilled, 
and diluted with 9.6 ml of buffer. At the same time, 0.1 
ml! of Hageman factor was incubated for 10 minutes with 
0.2 ml of buffer and for 30 additional minutes with 0.1 
ml of PTA. Then 0.2 ml of the test substance and 9.4 
ml of buffer were added to the mixture. The clot-pro- 
moting properties of the two mixtures were compared by 
measuring the effect of 0.1 ml aliquots upon the “cepha- 
lin”-fortified clotting time of normal plasma. As _ con- 
trols, the test substances, the clotting factors, and a mix- 
ture of Hageman factor and PTA were assayed alone. 
The substances tested included 2 M_ sodium chloride; 
soybean trypsin inhibitor (Nutritional Biochemicals) dis- 
solved in buffer in a concentration of 1 mg per ml; e-amino- 
n-caproic acid (Mann), dissolved in water in a concen- 
tration of 0.3 M; and 0.02 M trisodium ethylenediamine 
tetraacetic acid ® prepared by neutralizing a 0.1 M solution 
of the disodium compound with sodium hydroxide to pH 
7.3 and diluting it to 0.02 M with 1 part of water and 3 
parts of buffer. 

The esterase activity of crude Hageman factor and of 
PTA activated by Hageman factor was tested upon a 
substrate of 0.02 M methyl 
ester for 24 hours at 37° C, using a previously published 
method (27). The concentration of Hageman factor in 
the enzyme-substrate mixture was one-tenth that of the 
plasma from which it was separated. The activated 
PTA had been prepared by incubating an equal volume 
of undiluted PTA and Hageman factor, diluted 1 :100, 

6 Sequestrene Na. supplied through the courtesy of 
Alrose Chemical Co. 
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for 3 hours at 37° C. This mixture was diluted 10-fold 
in the enzyme-substrate mixture. 

Centrifugations were at 2° C unless otherwise noted. 
Dialyses were carried out at 4° C in Visking No-Jax 
casings. Pipettes were washed in chromic acid; all 
other glassware was cleaned with Dreft. All assays 
were performed in duplicate in uncoated or silicone-coated 
Pyrex tubes (ID 8 mm); the average clotting time is 
recorded in the tables or figures. The protein content 
of plasma or fractions of plasma was measured by the 
technique of Lowry, Rosebrough, Farr and Randall (28). 
Unless otherwise specified, the buffer used in these stud- 
ies was composed of 0.025 M barbital and 0.125 M_ so- 
dium chloride at pH 7.5 (1). 


RESULTS 


I. The preparation of Hageman factor from 
PTA-deficient plasma. The distinction between 
PTA and the Hageman factor was originally made 
by observing that PTA-deficient plasma corrected 
the defect in plasma thought to be deficient in 
Hageman factor (1). Previously described prep- 
arations of Hageman factor, derived from pooled 
normal serum, were contaminated with PTA. The 
use of PT A-deficient plasma as a source for Hage- 
man factor was therefore explored. PTA-defi- 
cient plasma appeared to contain normal amounts 
of Hageman factor, since it was as effective as 
normal plasma in shortening the recalcified clot- 
ting time of plasma deficient in this substance. 
The same PTA-deficient plasma retained its Hage- 
man factor activity after it had been adsorbed 
with dilute aluminum hydroxide gel. A variable 
portion of Hageman factor activity, often as much 
as three-fourths, was removed by adsorption with 
concentrated aluminum hydroxide gel. Hageman 
factor could also be adsorbed virtually quantita- 
tively onto carboxymethylcellulose, from which 
it could readily be eluted. 

The corrective effect of PTA-deficient plasma 
for Hageman trait resisted heating at 56° C for 
30 minutes. Heating PTA-deficient plasma at 
60° C for 30 minutes destroyed virtually all of its 
Hageman factor activity. 

PTA-deficient plasma, adsorbed with aluminum 
hydroxide gel, and heated at 56° C for 30 min- 
utes, was fractionated with ammonium sulfate. 


Almost all Hageman factor activity was concen- 
trated in the fraction soluble at 30 per cent satu- 
ration and insoluble at 50 per cent saturation with 
ammonium sulfate ; a sharper separation could not 
Small amounts of 


be made by this technique. 
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Hageman factor-like activity were also present in 
the fraction insoluble at 30 per cent saturation, 
and in the fraction soluble at 50 per cent but in- 
soluble at 60 per cent saturation. 

Serum prepared from PTA-deficient blood was 
as effective as normal serum in shortening the re- 
calcified clotting time of plasma deficient in Hage- 
man factor. In contrast, serum prepared from 
blood deficient in Hageman factor had only traces 
of clot-promoting activity for plasma deficient in 
the same factor. In these experiments, the serum 
was first adsorbed with barium sulfate to diminish 
the concentration of other clot-promoting sub- 
stances, 

The various properties that have been described 
were given consideration in the preparation of 
crude Hageman factor from PTA-deficient plasma. 

II. Properties of crude Hageman factor. Crude 
Hageman factor, prepared from PTA-deficient 
plasma in the manner described, corrected the ab- 
normality in plasma deficient in this substance, 
On the other hand, it was virtually without effect 
on the recalcified clotting time or “cephalin’’-forti- 
fied clotting time of PTA-deficient plasma (Table 
I). 

Previous studies have localized the defect in 
Hageman trait to the earliest stages of clotting. 
The properties of crude Hageman factor are in 
agreement with this interpretation. It accelerated 
the coagulation of normal plasma in glass tubes, 
but its effect was more dramatic in silicone-coated 
tubes (Table II]). Its clot-promoting effect was 
a double logarithmic function : a linear relationship 
could be plotted between the logarithm of its con- 


TABLE I 


The effect of crude Hageman factor upon the 
coagulation of abnormal plasmas 


Clotting time* 


Hageman 


factor- PTA- 
Concentration of Hageman deficient deficient 
factor plasma plasma 
min 
1:10 plasma concentration 9 >60 
1:40 plasma concentration 10 > 60 
Buffer control >60 >60 


* Clotting time of a mixture of 0.1 ml each of crude Hage- 
man factor deficient in PTA, platelet-deficient plasma and 
“cephalin’’-calcium mixture. The crude Hageman factor 
was diluted with buffer. Clotting times were measured in 
duplicate at 37° C in silicone-coated tubes. 
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TABLE II 


The effect of activated Hageman factor and of spontaneously 
active plasma thromboplastin antecedent upon the coagula- 
tion of normal plasma 


Clotting time* (min) of normal 
plasma upon the addition of : 


PTAC) Buffer 


Preliminary 
period of 


incubation A) Hageman 


factor 


13 
11 
10 
10 

9 
11 
13 

23 


* Clotting time of a mixture of 0.1 ml each of crude 
activated Hageman factor, deficient in PTA (at 1:100 
plasma concentration) or spontaneously activated crude 
PTA, deficient in Hageman factor (at original plasma con- 
centration) or buffer, normal plasma and ‘“‘cephalin’’-cal- 
cium mixture. The Hageman factor or PTA was incubated 
alone at 37° C in silicone-coated tubes. At intervals, the 
plasma was added to successive tubes. After 32 minutes, 
the ‘“‘cephalin’’-calcium mixture was added to all tubes and 
the clotting times were measured in duplicate at 37° C. 


centration and the logarithm of the clotting time 
of the substrate plasma. 

The clot-promoting property of crude Hageman 
factor suggested that it had been activated at 
least in part during its preparation. The clot- 
promoting effect of this “activated” Hageman 
factor was increased by incubating it with normal 
plasma before recalcification. In one 
periment, small amounts of crude activated Hage- 
man factor were mixed with normal plasma and 
incubated in silicone-coated tubes at 37° C. At 
intervals, aliquots of this mixture were recalcified 
and the clotting time was measured in the pres- 
ence of traces of “cephalin.” Under these condi- 
tions, the clotting time of the mixture of activated 
Hageman factor and normal plasma gradually 
shortened (Table II, columns A and C). These 
experiments demonstrated that crude activated 
Hageman factor reacted with a component of nor- 
mal plasma before the addition of calcium. After 
8 minutes, the clotting time of the mixture gradu- 
The significance of this effect 


such ex- 


ally lengthened. 
will be discussed later. 

The clot-promoting effect of activated Hageman 
factor was apparently exerted at an early step in 
blood 
Hageman factor were devoid of detectable throm- 
bin-like activity, since they did not clot solutions 


coagulation. Preparations of activated 
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of fibrinogen even in the presence of calcium ions. 
They were without effect upon the one-stage pro- 
thrombin time of normal plasma. Nonetheless, 
they greatly increased the rate at which prothrom- 
bin was converted to thrombin during the coagu- 
lation of normal blood (Table III). 

The increased prothrombin “consumption” 
which occurred in the presence of crude activated 
Hageman factor could not be attributed to its 
contamination with other recognized clotting fac- 
tors. Preparations of Hageman factor were free 
of detectable pro-SPCA, Stuart factor, proac- 
celerin, prothrombin and antihemophilic factor, 
and did not shorten the abnormally long pro- 
thrombin time of the plasma of a patient under 
treatment with Dicumarol. One undiluted prepa- 
ration shortened the recalcified clotting time of 
plasma deficient in Christmas factor from 70 to 
41 minutes; in contrast, normal plasma, diluted 
1:40, shortened the clotting time of the same 
plasma to 7 minutes. Hageman factor was thus 
not contaminated with any appreciable amount of 
other known components of the clotting system. 

At least three hydrolytic enzymes found in hu- 
man plasma—plasmin, thrombin and the esterase 
derived from the first component of complement— 
digest p-toluenesulfonyl-L-arginine methyl ester. 
Crude activated Hageman factor did not hydro- 
lyze this substrate, distinguishing it from these 
enzymes. However, the preparation did contain 
plasminogen, since fibrinolytic activity appeared 
upon the addition of streptokinase. 

III. The effect of carboxymethylcellulose upon 
blood coagulation. Contact with glass or certain 
other adsorbent surfaces accelerates the clotting 
of normal plasma. This clot-promoting activity 
can be detected only in plasmas containing Hage- 


TABLE III 


The effect of activated Hageman factor upon 
serum prothrombic activity 


Prothrombic 


Test substance activity* 


Activated Hageman factor 
Buffer 


*Serum prothrombic activity of a mixture of 0.1 ml of 


crude activated Hageman factor (deficient in PTA), 
diluted 100-fold with buffer, or buffer, and 2.15 ml of 
whole blood, incubated at 37° C for 30 minutes in Pyrex 
tubes. 
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man factor. Contact with these adsorbents seems 
to transform Hageman factor from an inactive to 
an active form in which it can accelerate clotting. 
Evidence has been presented that the crude Hage- 
man factor used in the present study had been ac- 
tivated at least in part (Section Il and Table IT). 
Since its adsorption to carboxymethylcellulose 
was a step in the preparation of crude activated 
Hageman factor, the possibility was considered 
that carboxymethylcellulose, like other adsorbents, 
accelerates the clotting of normal plasma. To test 
this, normal plasma was agitated with carboxy- 
methylcellulose and then tested for its clot-pro- 
moting effect on untreated plasma (Table IV). 
This experiment demonstrated that agitation with 
carboxymethycellulose induced clot-promoting ac- 
tivity in normal plasma. 

IV. The preparation of PTA from Hageman 
factor-deficient plasma, No satisfactory method 
of preparing PTA from normal plasma has been 
described. The plasma of patients with Hageman 
trait contains PTA activity. The properties of 
such plasma were studied to determine the con- 
ditions needed to prepare PTA that was deficient 
in other recognized clotting factors. 

Plasma deficient in Hageman factor shortened 
the recalcified clotting time of PTA-deficient 
plasma to the same degree as did normal plasma, 
as if it contained normal amounts of PTA. Simi- 
larly, serum obtained from patients with Hageman 
trait shortened the clotting time of PTA-deficient 
plasma, but serum prepared from PTA-deficient 
blood was without any corrective effect. [Each se- 
rum had first been adsorbed with barium sulfate 
to remove other clot-promoting substances. PTA 
activity was also present in oxalated Hageman 


TABLE IV 
The clot-promoting effect of carboyxmethylcellulose 


Test plasma Clotting time* 
min 
Carboxymethylcellulose-treated plasma 24 
Control plasma > 300 


* Clotting time of a mixture of 0.1 ml each of the test 
plasma, untreated plasma and 0.05 M calcium chloride. 
The test plasma was prepared by agitating 1 ml of normal 
plasma for 10 minutes at room temperature in a Lusteroid 
tube containing 75 mg of carboxymethylcellulose, which 
was then removed by centrifugation; the control plasma 
was similarly treated except that the carboxymethylcellu- 
lose was omitted. Clotting times were measured in dupli- 
cate at 37° C in silicone-coated tubes. 


trait plasma whic!. vad been stored at — 25° C 
for more than 4 years. 

Adsorption of normal plasma or plasma deficient 
in Hageman factor with dilute aluminum hydrox- 
ide gel usually resulted in a decrease in its PTA 
activity of 75 to 80 per cent. When the adsorp- 
tion was carried out with concentrated aluminum 
hydroxide gel, nearly all of the corrective effect 
of these plasmas was lost. A second adsorption 
with concentrated aluminum hydroxide usually re- 
moved all but traces of PTA-like activity. Thus, 
this factor was more readily adsorbed from plasma 
by aluminum hydroxide than was Hageman fac- 
tor. Attempts to elute PTA from aluminum hy- 
droxide gel have been unsuccessful. 

PTA could also be adsorbed onto carboxy- 
methylcellulose; in this case, it could be eluted 
without obvious loss. 

Normal plasma or plasma deficient in Hage- 
man factor, heated at 56° C for 30 minutes, had 
only about one-fourth or less of its original ability 
to shorten the clotting time of PTA-deficient 
plasma. All activity was lost after incubation at 
60° C for 30 minutes, and plasma, heated in this 
way, actually acquired clot-inhibitory properties. 
When plasma was successively adsorbed with di- 
lute aluminum hydroxide gel and heated at 56° C 
for 30 minutes, the loss of PTA-like activity was 
no greater than when either procedure was per- 
formed separately. Normal plasma, treated in 
this way, still shortened the clotting time of plasma 
deficient in Hageman factor almost as readily as 
did untreated plasma. On the other hand, Hage- 
man factor-deficient plasma, treated the same way, 
had no effect upon untreated Hageman factor- 
deficient plasma. Such plasma was suitable as a 
starting material for the concentration of PTA, 
deficient in Hageman factor. 

Maximal PTA activity was found in the fraction 
of adsorbed, heated plasma soluble at 40 per cent 
and insoluble at 50 per cent saturation. However, 
the degree of purification achieved by ammonium 
sulfate precipitation at this stage was not enough 
to be useful in purification. 

Crude PTA, deficient in other clotting factors 
and apparently suitable for the experiments to be 
described, was prepared by methods derived from 
these observations. 

V’. Properties of crude plasma thromboplastin 
antecedent. Freshly prepared crude PTA, de- 
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TABLE V 


The effect of crude plasma thromboplastin antecedent upon 
the coagulation of PT A-deficient plasma 


Test mixture Clotting time* 


min 
Hageman factor-deficient plasma, diluted 1:20 

Hageman factor-deficient plasma, diluted 1:80 

Hageman factor-deficient plasma, diluted 1:320 

Crude PTA, 1:20 plasma concentration 

Buffer control 


* Clotting time of a mixture of 0.1 m! each of Hageman factor-defici 
ent plasma or crude PTA (prepared from Hageman factor-deficient 
plasma) or buffer, PT A-deficient plasma, and 0.025 M calcium chloride. 
The Hageman factor-deficient plasma and PTA were diluted with buffer. 
The clotting times were measured in duplicate at 25° C in Pyrex tubes. 


rived from factor-deficient 


shortened 


Hageman 
the clotting time of 


plasma, 
PT A-deficient 
plasma in Pyrex tubes (Table V). On the other 
hand, the same fraction was either without effect 
on normal plasma or was slightly inhibitory 
(Table VI). 


activity is not yet clear, 


The significance of this inhibitory 
An inhibitor of the clot- 
promoting properties of glass and other adsorb- 
ests has been found in Hageman factor-deficient 
plasma (1, 4, 10, 29), but its identity with the 
inhibitor in crude PTA is uncertain, 

Crude PTA did not seem to be contaminated 
It lacked 
thrombin-like activity and did not influence the 
blood. 
It did not influence the conversion of prothrom- 


with other recognized clotting factors. 


one-stage prothrombin time of normal 
bin to thrombin in whole blood, as tested by mix- 
ing 0.2 ml of an undiluted preparation to 2.15 
ml of whole blood and measuring the prothrombin 
remaining after 20 minutes. It contained no 
measurable pro-SPCA, Stuart factor, proaccelerin, 
prothrombin, antihemophilic factor or Christmas 
factor, and was without influence on the prothrom- 
bin time of the plasma of a patient under treatment 
with Dicumarol. 
TABLE VI 


The effect of crude plasma thromboplastin antecedent upon 
the coagulation of normal plasma 


Test mixture Clotting time* 
min 

Crude PTA 23 

Buffer control 16 


* Clotting time of a mixture of 0.1 ml each of crude PTA 
or buffer, normal plasma and “cephalin’’-calcium mixture. 
The PTA was prepared from Hageman factor-deficient 
plasma and was at its original concentration in plasma. 
Clotting times were measured in duplicate at 37° C in 
silicone-coated tubes. 
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V1. The effect of crude activated 
factor upon plasma thromboplastin antecedent. 
When crude preparations of activated Hageman 
factor and of PTA were incubated together, clot- 
promoting activity developed. The experiments 
to be described suggest that in this reaction the 


Hageman 


clot-promoting activity evolved from the action 


of activated Hageman factor upon PTA. 

Crude preparations of activated Hageman fac- 
tor and of PTA were incubated in silicone-coated 
tubes at 37° C. 
to a substrate of plasma deficient in PTA, and the 
clotting time of the mixture was measured in 


At intervals, aliquots were added 


silicone-coated tubes. This experimental design 
was chosen to allow the study of any interreaction 
of activated Hageman factor and PTA without 
confusion by their effect upon the substrate plasma. 
Thus, PTA was furnished in the incubation mix- 
ture but not in the substrate. Hageman factor 
was present both in the incubation mixture and 
in the substrate. However, the crude Hageman 


factor in the incubation mixture had been ‘“ac- 
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Fic. 2. THE EVOLUTION OF CLOT-PROMOTING ACTIVITY 
IN MIXTURES OF CRUDE ACTIVATED HAGEMAN FACTOR AND 
PTA. THE INFLUENCE OF CONCENTRATION OF HAGEMAN 
FAcToR. Clotting time of a mixture of 0.1 ml each of 
crude activated Hageman factor diluted serially with 
buffer, crude PTA diluted 1:4, PTA-deficient plasma 
and “cephalin’-calcium mixture. The activated Hage- 
man factor and PTA were incubated for the indicated 
intervals prior to the addition of plasma and “cephalin’”- 
calcium Clotting determined in 
duplicate in silicone-coated tubes at 37° C. 
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tivated” during its preparation while that in the 
substrate plasma was presumably largely inac- 
tive, since this had not had contact with glass. 
Qualitatively similar results were obtained in ex- 
periments in which normal plasma was used as a 
substrate, but quantitative measurement was much 
more difficult. 

When activated Hageman factor was incubated 
with PTA in silicone-coated tubes, potent clot- 
promoting activity evolved. The rate at which 
clot-promoting activity developed was determined 
by the concentration of crude Hageman factor in 
the mixture (Figure 2). At the highest con- 
centration of activated Hageman factor tested, 
clot-promoting activity was maximal within 15 
minutes after this substance was mixed wtih PTA. 
With lesser concentrations of activated Hageman 
factor, clot-promoting activity developed at a 
slower rate but, ultimately, essentially the same 
clot-promoting activity evolved regardless of the 
concentration of Hageman factor tested. 

On the other hand, the magnitude of the clot- 
promoting activity which evolved was a function 
of the concentration of PTA in the mixture (Fig- 
ure 3). In this experiment, an amount of acti- 
vated Hageman factor sufficient to give a maximal 
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CONCENTRATION OF PTA 
Fic. 3. THE EVOLUTION OF CLOT-PROMOTING ACTIVITY 


IN MIXTURES OF CRUDE ACTIVATED HAGEMAN FACTOR AND 
PTA. THE INFLUENCE OF CONCENTRATION OF PTA. 
Clotting time of a mixture of 0.1 ml each of crude acti- 
vated Hageman factor diluted 1:10, crude PTA diluted 
serially with buffer, PT A-deficient plasma and “cephalin’- 
calcium mixture. The activated Hageman factor and 
PTA were incubated at 37° C for 60 minutes prior to the 
addition of plasma and “cephalin’-calcium mixture. 
Clotting times were determined in duplicate at 37° C. 
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TABLE VII 


The spontaneous appearance of clot-promoting activity in 
preparations of plasma thromboplastin antecedent 


Clotting time* (min) 


After After 
Test mixture At 0 hrs 24 hrs 48 hrs 

PTA incubated at 4° C 23 15 22 
PTA incubated at 25° C 11 13 
PTA incubated at 37° C 8 9 
Buffer control 16 17 18 


* Clotting time of a mixture of 0.1 ml each of crude PTA 
or buffer, normal plasma and ‘‘cephalin’’-calcium mixture. 
Five-tenths ml portions of freshly prepared PTA (prepared 
from Hageman factor-deficient plasma) were incubated in 
silicone-coated tubes at 4°, 25° or 37° C and aliquots were 
removed for testing at 0, 24, and 48 hours. Clotting times 
were measured in duplicate at 37° C in silicone-coated 
tubes. 


effect within 15 minutes was incubated for 60 min- 
utes with different amounts of PTA. In this way, 
conditions were arranged so that clot-promoting 
activity was assayed only after it had reached full 
development. Under these circumstances, clot- 
promoting activity developed in relation to the 
concentration of PTA. 

The evolution of clot-promoting activity in a 
mixture of crude activated Hageman factor and 
crude PTA was not inhibited by the presence of 
0.01 M trisodium ethylenediamine tetraacetic acid, 
0.15 M e-amino-n-caproic acid, 0.01 M benzoyl-.- 
arginine methyl ester, or soybean trypsin inhibitor 
in a concentration of 0.5 mg per ml. However, 
clot-promoting activity did not develop in the 
presence of 1 M NaCl. 

VII. The appearance of clot-promoting activity 
in crude preparations of plasma thromboplastin 
antecedent. That PTA may be converted into a 
clot-promoting substance was unexpectedly cor- 
roborated in studies of crude PTA prepared from 
plasma deficient in Hageman factor. Under cer- 
tain conditions, clot-promoting activity arose spon- 
taneously in preparations of crude PTA; this ac- 
tivity could not be distinguished from that which 
appeared when crude Hageman factor and PTA 
were incubated together. 

Crude PTA was incubated in silicone-coated 
tubes in the presence of toluene vapor. At the 
start, and 24 and 48 hours later, the fraction was 
tested for clot-promoting activity (Table VII). 
Prior to incubation the fraction delayed the “cepha- 
lin”-fortified clotting time of normal plasma. 
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After incubation at 37° C for 24 hours, the same 
fraction shortened the clotting time; no further 
activity developed in 48 hours. Another sample, 
incubated at 25° C, had a lesser clot-promoting ef- 
fect, and a third sample, incubated at 4° C, was 
virtually unchanged. 

The “spontaneous” appearance of clot-promot- 
ing activity in crude preparations of PTA was er- 
ratic, and the factors responsible for its develop- 
ment could not be clarified. In contrast to that 
which developed when PTA was incubated with 
crude activated Hageman factor, clot-promoting 
activity never appeared in less than 8 hours. 
Spontaneous clot-promoting activity developed in 
preparations of PTA derived from each of the 
five patients studied who had Hageman trait. 
Activity was more likely to appear when the frac- 
tion was dissolved in a volume of buffer equal to 
that of the plasma from which it was prepared; 
little or no activity evolved when the fraction was 
diluted further. Although activity evolved more 
consistently at 37° C, storage of the fraction at 
temperatures as low as — 25° C did not always 
prevent its appearance within a few weeks. In 
several experiments, attempts were made to con- 
centrate crude PTA by precipitation with am- 
monium sulfate at 55 per cent saturation followed 
by dialysis against buffer. Nearly always, clot- 
promoting activity appeared in these fractions, 
although the stage of preparation at which it de- 
veloped could not be distinguished. Clot-promot- 
ing activity also appeared when crude PTA was 
adsorbed onto calcium phosphate gel and then 
eluted. 

VIII, Evidence that the spontaneous clot-pro- 
moting activity of PTA preparations was not due 
to the action of activated Hageman Factor. The 
clot-promoting activity that appeared “spontane- 
ously” in preparations of crude PTA accelerated 
the clotting not only of normal plasma but also 
of plasma obtained from patients with Hageman 
trait or PTA-deficiency (Table VIII). However, 
several lines of evidence indicate that this clot- 
promoting activity was probably not due to con- 
tamination of the crude PTA with Hageman fac- 
tor. PTA was adsorbed more readily than Hage- 
man factor by concentrated aluminum hydroxide 
gel (Section IV); a sample of Hageman factor- 
deficient plasma, adsorbed with diluted aluminum 
hydroxide gel, had PTA activity, but the same 
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TABLE VIII 


The clot-promoting effect of spontaneously activated plasma 
thromboplastin antecedent 


Hageman 
factor- 
deficient 
plasma 


PT A-deficient 
plasma 


Normal 


Test mixture plasma 


Spontaneously activated PTA ® 7 


8 
Buffer control 31 >60 > 60 


plasma and “‘cephalin’’-calcium mixture. Clotting times were meas- 
ured in duplicate at 37° C in silicone-coated tubes. 

plasma, adsorbed with concentrated aluminum 
hydroxide gel, lacked PTA activity. 

The removal of PTA from plasma deficient in 
Hageman factor simultaneously removed its ca- 
pacity to generate clot-promoting activity. In one 
experiment, Hageman factor-deficient plasma was 
adsorbed twice with concentrated aluminum hy- 
droxide gel; it no longer contained detectable 
PTA, as measured by its capacity to shorten the 
clotting time of PTA-deficient plasma. This ad- 
sorbed plasma was heated at 56° C for 30 minutes 
and adsorbed with carboxymethylcellulose in the 
usual way. The eluate of the carboxymethylcel- 
lulose was incubated in silicone-coated tubes at 
37° C for 91 hours. At the end of this time, it 
contained only about 2 per cent of the clot-pro- 
moting activity of an eluate prepared from the 
same plasma that had been adsorbed with dilute 
rather than concentrated aluminum hydroxide gel. 

The clot-promoting activity which appeared in 
crude PTA was differentiated from Hageman 
factor by a second method. Spontaneously ac- 
tive PTA was qualitatively different from crude 
activated Hageman factor. It will be recalled 
that the clotting time of normal plasma was short- 
ened by preliminary incubation with activated 
Hageman factor (Table II, column A). Under 
the same conditions, preliminary incubation with 
normal plasma did not increase the clot-promoting 
properties of spontaneously active PTA (column 
B). 

In still another experiment, a preparation of 
crude activated Hageman factor was diluted until 
its clot-promoting activity for normal plasma was 
equal to that of a “spontaneously” active prepara- 
tion of crude PTA. A mixture of activated Hage- 
man factor and freshly prepared, inactive PTA 
was incubated at 37° C for 80 minutes. At the 
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TABLE IX 


The effect of activated Hageman factor and of spontaneously 
activated plasma thromboplastin antecedent upon 
inactive PTA 


Clotting 
Test mixture time* 
Inactive PTA, 0.1 ml + buffer, 0.1 ml 19 
Active PTA, 0.1 ml + buffer, 0.1 ml 12 
Activated Hageman factor, 0.1 ml + buffer, 11 
0.1 ml 
Inactive PTA, 0.1 ml + active PTA, 0.1 ml 12 
Inactive PTA, 0.1 ml + activated Hageman 
factor, 0.1 ml 
Buffer control, 0.2 ml 17 


plasma and 0.1 ml “‘cephalin’’-calcium mixture. The test 
mixtures were incubated in silicone-coated tubes for 80 
minutes at 37° C prior to the addition of plasma and 
“cephalin’’-calcium. Clotting times were measured in 
duplicate at 37° C. 


end of this period, further clot-promoting activity 
had evolved in the mixture (Table IX). On the 
other hand, no additional clot-promoting activity 
appeared in a mixture of “spontaneously active” 
and inactive PTA incubated for the same period. 
Again, spontaneously active PTA did not behave 
like activated Hageman factor in its effect upon 
inactive PTA. 

IX. Some properties of the clot-promoting ac- 
tivity evolving in crude plasma thromboplastin 
antecedent “spontaneously” or upon treatment 
with activated Hageman factor. The clot-pro- 
moting activity which appeared when crude PTA 
was treated with activated Hageman factor could 
not be distinguished from that which evolved 
“spontaneously.” In preparations that seemed to 
be fully activated, the clot-promoting activity was 
striking. Either preparation, diluted 300-fold or 
more compared with the plasma from which it 
was prepared, significantly accelerated the “cepha- 
lin”-fortified clotting time of an equal volume of 
normal plasma. 

The clot-promoting activity could not be identi- 
fied with that of other known clotting factors. 
Neither preparation was thrombin-like, for they 
did not clot bovine fibrinogen, even in the pres- 
ence of calcium ions. Nor did they contain pro- 
thrombin, proaccelerin, pro-SPCA, Stuart factor 
or antihemophilic factor, as tested by specific as- 
says for each of these substances. They either 
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were without corrective effect upon plasma de- 
ficient in Christmas factor, or shortened its recal- 
cified clotting time or partial thromboplastin time 
insignificantly; in one experiment, the partial 
thromboplastin time of plasma deficient in Christ- 
mas factor was shortened from 653 to 553 seconds 
by a preparation of PTA activated by Hageman 
factor. The partial thromboplastin time of normal 
plasma, tested by this method, is usually less than 
100 seconds. 

By inference, the clot-promoting property ap- 
peared to function early in the clotting process. 
It altered neither the thrombin time nor the pro- 
thrombin time of normal plasma. However, it 
significantly increased prothrombin ‘“consump- 
tion” in whole blood. Typical data, obtained with 
a “spontaneously” active PTA preparation, are 
recorded in Table X. These experiments are 
compatible with the view that the clot-promoting 
substance evolved from preparations of PTA acts 
early in the clotting process. 

The clot-promoting agent which developed when 
PTA was treated with Hageman factor did not 
digest p-toluenesulfonyl-L-arginine-methyl ester, 
distinguishing its action from that of thrombin, 
plasmin and the esterase derived from the first 
component of complement. 

X. The inhibition of activated Hageman factor 
and “activated” plasma thromboplastin antecedent 
by plasma, The clot-promoting activity which ap- 
pears when normal plasma is exposed to glass 
gradually deteriorates (30). This decrease in 
activity has been attributed to the presence of an 
inhibitory substance that may have enzymatic 
properties (2). The specificity of the inhibition 
with regard to activated Hageman factor or ac- 
tivated plasma thromboplastin is not certain. 


TABLE X 


The effect of spontaneously activated plasma thromboplastin 
antecedent upon serum prothrombic activity 


Prothrombic 


Test substance activity* 
Inactive PTA ; 50 
Spontaneously active PTA 10 
Buffer control 50 


*Serum prothrombic activity of a mixture of 0.2 ml of 
undiluted inactive or spontaneously active PTA or buffer 
and 2.05 ml whole biood, incubated at 37° C for 1 hour in 
Pyrex tubes. The PTA was prepared from Hageman 
factor-deficient plasma. 
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A fraction of plasma was prepared which in- 
hibited the clot-promoting activity of glass-treated 
plasma. This fraction was incubated with crude 
activated Hageman factor and with 
ously” activated PTA. 


‘ 


‘spontane- 
In each case, the clot- 
promoting activity was decreased (Table XI). 
Whether the same principle inactivated Hageman 
factor and “spontaneously” activated PTA was 
not ascertained, Additional studies to confirm the 
enzymatic nature of the inhibitory substance were 
not performed, but its activity was not diminished 


by incubation with diisopropyl fluorophosphate 


at a concentration of 5 x 10* M, 0.05 mg soybean 
trypsin inhibitor per ml, 0.001 N mercuric chlo- 
ride, 0.0125 N hydrogen peroxide, or 0.01 M 
trisodium ethylenediamine tetraacetic acid. 

XI. The effect of diisopropyl fluorophosphate 
upon Hageman factor, plasma thromboplastin ante- 
cedent and activated plasma thromboplastin ante- 
cedent. Becker (31) observed that diisopropyl 
fluorophosphate inhibited the clot-promoting prop- 
erties of Hageman factor. However, the prepara- 
tion which he used undoubtedly contained PTA 
in addition to Hageman factor, and his method of 
assay did not distinguish between these factors. 
Crude activated Hageman factor, devoid of PTA, 
was incubated with DFP at a concentration of 
5 x 10* M for 1 hour and then dialyzed against 
repeated changes of buffer. Similarly, crude 
PTA, devoid of Hageman factor, and PTA, acti- 
vated incubation with 
activated Hageman factor, were treated with DFP. 


“spentaneously” by 


TABLE XI 


The effect of an inhibitory fraction of plasma upon activated 
Hageman factor and spontaneously activated plasma 
thromboplastin antecedent 


Clotting 


Test mixture time* 


min 
Activated Hageman factor, 0.1 ml+inhibitor, 0.1 ml, 
separately incubated, then mixed 
Activated Hageman factor, 0.1 ml +inhibitor, 0.1 ml, 
incubated together 


Activated PTA, 0.1 ml+inhibitor, 0.1 ml, separately 
incubated, then mixed 

Activated PTA, 0.1 ml +inhibitor, 0.1 ml, incubated 
together 


Buffer, 0.1 ml+inhibitor, 0.1 ml 18 
Buffer, 0.2 ml 17 


* Clotting time of a mixture of 0.2 ml of the test mixture, 0.1 ml of 
normal plasma and 0.1 ml of “cephalin’’-calcium mixture. The test 
mixture was composed of crude activated Hageman factor (diluted 
1:10) or crude spontaneously activated PTA, mixed with an inhibitory 
fraction of plasma. These substances were incubated either together 
or separately and then combined. This incubation and the clotting 
times were performed in duplicateZat 37° C in silicone-coated tubes. 
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TABLE XII 


The effect of diisopropyl fluorophosphate upon activated 
Hageman factor and activated plasma thromboplastin 
antecedent 


Clotting time* 


Hageman 
factor- 
deficient 
plasma 


PT A-deficient 


Test mixture plasma 


min 
Untreated activated PTA 
DF P-treated activated PTA 
Untreated activated Hageman factor 
DFP-treated activated Hageman factor 
Buffer control 


* Clotting time of a mixture of 0.1 ml each of crude activated Hage 
man factor or PTA (each diluted 1:10), plasma and 0.025 M calciun 
chloride. The clotting times were measured in duplicate in Pyrex 
tubes at 25° C 


Treated and untreated fractions were then tested 
for their specific corrective effect for deficient 
plasmas, and for their nonspecific clot-promoting 
activity for normal plasma. 

Crude Hageman factor, devoid of 
PTA, regularly lost three-fourths or more of its 
clot-promoting activity for both normal plasma 
and plasma deficient in Hageman factor after treat- 
ment with DFP (Table X). In contrast, when 
normal plasma was incubated for 1 hour with 
DFP and then dialyzed against buffer, none of its 
Hageman factor-like activity was lost, and clot- 
promoting activity appeared when it was agitated 
with crushed glass. In normal plasma, Hageman 
factor behaves as if it were inactive, until it is ex- 
One may 
infer that DFP inhibits activated Hageman fac- 
ter but not its inactive precursor. 

Similarly, crude PTA was unaffected by in- 
cubation with DFP. However, “spontaneously” 
active PTA, or PTA activated by Hageman fac- 
tor, was sensitive to DFP, losing about three- 
fourths of its activity under the conditions at 
which it was tested (Table XII). 


activated 


posed to glass or similar substances. 


DISCUSSION 


Almost 100 years ago, Lister (32) observed 
that the coagulation of mammalian blood was en- 
hanced by contact with a foreign surface. Nor- 
mal blood—liquid within the blood vessels—clots 
The mecha- 
nisms through which glass and other clot-pro- 
moting surfaces act have been studied persistently. 
Until recently, attention was centered upon the 
effect of these agents on the formed elements of 


within a few minutes in a glass tube. 


11 
| 
= 
| 
ars 
E 
See 
4 
4. 


the blood. However, a profusion of experiments, 
beginning with those of Bordet and Gengou (33), 
demonstrated that glass and certain other sub- 
stances can initiate or accelerate clotting in plasma 
depleted of its cells. One site of action of glass 
is Hageman factor, present in normal plasma but 
lacking in the plasma of patients with Hageman 
trait (2-8). Perhaps other factors are altered as 
well (7, 34); it is difficult to distinguish between 
a direct effect of glass upona clotting factor and an 
indirect effect mediated through its activation of 
Hageman factor. 

Currently, the most satisfactory hypothesis to 
explain the effect of glass upon Hageman factor 
relates to its adsorbent properties. Clotting is 
accelerated by many other adsorbents including 
kaolin (2), barium carbonate (2, 35), charcoal 
(2), Supercel (2), Celite (5), bentonite (36), as- 
bestos (8) and silicic acid (37), and, as demon- 
strated in the present study, carboxymethylcellu- 
lose. Like glass, these adsorbents are effective 
only when the plasma tested contains Hageman 
factor. These considerations have led to the view 
that the clot-promoting properties of glass and 
other adsorbents depend upon their capacity to 
adsorb Hageman factor, which changes from an 
inactive to an active form in the process. 

The molecular rearrangements that result in 
the activation of Hageman factor are unknown. 
Fiala (35) thought that glass or barium carbo- 
nate initiated clotting by removing ‘an inhibitor 
from plasma. We have been unable to isolate an 
inhibitor from untreated normal plasma. How- 
ever, plasma deficient in Hageman factor inhibits 
the clot-promoting effects of glass, barium carbo- 
nate and asbestos (2, 29). This inhibitory ac- 
tivity appears to be directed against the activation 
of Hageman factor. Minute amounts of prepara- 
tions containing active Hageman factor shorten 
the clotting time of plasma deficient in this sub- 
stance (1) (Table I). Attractive as it may be 
to imagine that the same inhibitory activity ex- 
ists in normal plasma, masked by the presence of 
Hageman factor, this view is unproved. Similar 
inhibitory activity can be demonstrated in normal 
plasma heated at 60° C to destroy the Hageman 
factor it contains, but these results may well be 
artifactual (38). Dissenting views, that the in- 
hibitory activity in Hageman factor-deficient 
plasma is “nonspecific” (10) or is the essential 
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defect in Hageman trait (11), are equally con- 
jectural. 

Once it has been activated, Hageman factor ap- 
parently accelerates the coagulation of normal 
blood or plasma (Table Il). Previous studies to 
determine how this acceleration comes about were 
handicapped because preparations of Hageman 
factor of adequate purity were not available. Our 
sarlier attempts to purify Hageman factor from 
normal serum (2, 39) were vitiated by unsus- 
pected contamination with plasma thromboplastin 
antecedent (12). Nonetheless, several groups of 
investigators have proposed that Hageman factor, 
once activated by glass, reacts with a second clot- 
ting factor, PTA, to produce a_ clot-promoting 
substance variously called activation product (5), 
the third prothromboplastic factor (11), antihe- 
mophilic factor C (11) or activated PTA (10). 
Hardisty and Margolis (10) conceived that active 
Hageman factor serves as a catalyst to convert 
PTA from an inactive to an active form, but they 
did not provide direct supporting evidence. They 
believed that Hageman factor exerts its effect upon 
PTA only while both are adsorbed to glass or 
other surfaces. In their view, the activated PTA 
then returns to solution to initiate further stages 
in the clotting process. All agree that calcium ions 
are not required for the activation of Hageman 
factor by glass, but Soulier and Prou-Wartelle 
(36) thought that calcium might be needed for 
the interaction of Hageman factor and PTA. 

Some clarification of the function of activated 
Hageman factor and its relationship to PTA has 
been possible, using the relatively simple techniques 
described in the present report. A crude fraction, 
rich in activated Hag+man factor and apparently 
deficient in other known clotting factors, was pre- 
pared from plasma believed ceficient in PTA. In 
the same way, a crude fraction containing PTA 
was prepared from plasma deficient in Hageman 
factor. Hageman factor, prepared by this method, 
was apparently purified about 100-fold and in the 
process was activated, for now it accelerated the 
clotting of normal blood or plasma ; whether all or 
only part of the Hageman factor was activated is 
not yet clear. The fraction corrected the coagu- 
lative defect of plasma deficient in Hageman fac- 
tor but had no effect upon the clotting time of 
plasma deficient in PTA. Its effect on normal 
blood seemed to be localized to an early stage of 
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clotting, in keeping with earlier premises that the 
defect in Hageman factor-deficient plasma is in 
the initiation of blood coagulation and that Hage- 
man factor is needed for the evolution of thrombo- 
plastic activity in shed blood (1). 

Experiments in which crude activated Hageman 
factor was incubated with normal citrated plasma 
in silicone-coated tubes demonstrated that this 
factor reacted with some component of the plasma 
in the absence of calcium ions. However, they 
provided no clues concerning the component with 
which activated Hageman factor reacted. 

When crude activated Hageman factor was in- 
cubated with crude PTA, clot-promoting activity 
of considerable potency gradually evolved. Kinetic 
experiments demonstrated that the extent of this 
activity was related to the concentration of PTA in 
the mixture, while the rate at which it developed 
depended upon the concentration of activated 
Hageman factor. Our present interpretation of 
these studies is that Hageman factor is an enzyme 
whose substrate, PTA, is converted to an active 
clot-promoting agent, tentatively designated as 
activated PTA. This reaction occurred when 
solutions of activated Hageman factor and PTA 
were incubated in silicone-coated tubes; the pres- 
ence of a glass-like surface did not seem necessary. 


The reaction took place in the presence of appreci- 
able quantities of trisodium ethylenediamine tetra- 
acetic acid and thus did not seem to be calcium- 


dependent. Thus, the initial phases of blood co- 
agulation may be schematized as in Figure 4. 
Nothing in these experiments rules out the pos- 


sibility that other as yet unidentified agents, pres- 
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ent in the crude preparations of Hageman factor 
and PTA, are needed for the development of clot- 
promoting activity. Indeed, these fractions may 
well contain other clot-accelerating substances, 
which may function in ways not detected by our 
present techniques. A wealth of previous experi- 
ence cautions against the assumption that “puri- 
fied” clotting factors are free of other clot-ac- 
celerating materials. 

The enzymatic nature of activated Hageman 
factor is supported by its inhibition by diisopropyl 
fluorophosphate, first demonstrated by Becker 
(31) and now confirmed with purer preparations 
of activated Hageman factor. Likewise, the reac- 
tion of activated PTA with DFP supports the 
conclusion that it also is an enzyme. In con- 
trast, Hageman factor and PTA are not affected 
by DFP. Thus, these reactions are analagous 
to those of trypsinogen and trypsin (40-42), 
chymotrypsinogen and chymotrypsin (40), plas- 
minogen and plasmin (43), and prothrombin and 
thrombin (44, 45). In each of these cases, the 
enzyme precursors are unaffected by organophos- 
phorous compounds, while the active form is 
rapidly inhibited. Whether activated Hageman 
factor and activated PTA preparations will show 
similar pH dependency as well as the direct bind- 
ing of the diisopropyl phosphoryl moiety to a 
serine residue remains to be investigated. Neither 
activated Hageman factor nor activated PTA 
was totally inactivated by DFP. This probably 
reflects the presence in the crude preparations 
tested of other, unidentified clot-promoting sub- 
stances which are DFP-resistant. 

Activated Hageman factor may well have nat- 
ural substrates other than PTA. Margolis (46, 
47) has implicated this substance in the activation 
of “pain-producing factor” and “capillary perme- 
ability factor” of normal serum. However, a 
search for protein or synthetic substrates of acti- 
vated Hageman factor, only partly recorded here, 
has been unrewarding. 

Information has also been provided concerning 
the properties of PTA. The crude preparations 
we have made represent an apparent purification 
of this substance of only about 10- to 20-fold. 
In its inactive form it had no effect upon the coag- 
ulation of normal plasma or plasma deficient in 
Hageman factor. Once treated by activated Hage- 
man factor, it accelerated the coagulation of both 
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of these plasmas. Again, its action seemed lim- 
ited to the earliest steps of coagulation, the forma- 
tion of thromboplastic activity. Presumably, ac- 
tivated Hageman factor affected this stage of co- 
agulation by activating PTA, and this in turn 
initiated the steps leading to the conversion of 
prothrombin to thrombin. In these reactions, ac- 
tivated PTA may well have enzymatic activity ; 
its inhibition by diisopropyl fluorophosphate is 
compatible with this view. However, its sub- 
strate has not been delineated. Preliminary ex- 
periments, not reported here, suggest that Christ- 
mas factor may be a substrate, but data to estab- 
lish this are not yet available. Calcium ions may 
be needed for the action of activated PTA on its 
substrate, but again satisfactory experimental data 
are not yet at hand. 

A perplexing question has been the dearth of 
hemorrhagic symptoms in persons whose plasma 
apparently lacks Hageman factor (1, 12). Some 
insight into this problem may have been gained 
from studies of “spontaneously” active PTA, 
Crude PTA, purified by the method described, 
did not accelerate the coagulation of normal blood 
or plasma. However, such preparations, incu- 
bated alone at 37° C, acquired clot-promoting ac- 
tivity that could not be distinguished from that 
which evolved in the presence of Hageman factor. 
By implication, some mechanisms permitting the 
activation of PTA at the site of an injury may be 
available to the patient with Hageman trait. How 
this might come about has not yet been studied. 

The mechanism responsible for the spontaneous 
appearance of clot-promoting activity in crude 
preparations of PTA is unknown. Studies of 
this process have been hampered because as yet 
all of our attempts at further purification of PTA 
have produced activated products. As yet, there 
is no reason to believe that the activation process 
is autocatalytic and, indeed, the addition of acti- 
vated PTA to its inactive precursor seemed with- 
out effect. Conceivably, the plasma from which 
the PTA was prepared, devoid of detectable Hage- 
man factor by other measures, contained traces 
of this substance. Under appropriate conditions 
these traces of Hageman factor might activate 
PTA. Of course, other explanations must also 
be considered. Several groups have suggested 
that the plasma of patients with Hageman trait 
contains normal amounts of Hageman factor, 
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This as- 
sumption seems unwarranted, since the merest 
trace of normal plasma will shorten the clotting 
time of plasma from patients with Hageman trait. 

The clot-promoting activity induced by treat- 
ing normal plasma with glass is labile (30). The 
loss of clot-promoting activity is apparently re- 
lated to the presence of one or more inhibitors. 
A crude concentrate of plasma, containing this 
inhibitory activity, seemed to inactivate both acti- 
vated Hageman factor and spontaneously activated 
PTA. Whether this inhibitory activity is due to 
the presence of one or several substances is not 
yet clear. Further studies have been vitiated by 
the lability of the inhibitory activity during puri- 
fication. 

This discussion has purposely emphasized the 
large areas of uncertainty concerning the functions 
and properties of Hageman factor and PTA. It 
is hoped that these uncertainties will disappear 
when purer preparations of these factors become 
available. By taking advantage of the ease with 
which aluminum hydroxide adsorbs PTA we 
have made considerable progress in the purification 
of Hageman factor from normal plasma; our best 
preparations are now at least 1,000-fold purified, 
but the yields are poor. No such progress has 
been made in the purification of PTA; all attempts 
have been blocked by the spontaneous activation of 
this substance. 
available, a more meaningful analysis of the suc- 
cessive steps in the coagulative process should 


As purer preparations become 


become possible. 


SUMMARY 


Methods for the partial purification of Hageman 
factor and plasma thromboplastin antecedent, and 
some of the properties of these substances, are de- 
scribed. In the process of purification, Hageman 
factor seems to be converted from an inactive to 
an active form. When partially purified activated 
Hageman factor and plasma thromboplastin ante- 
cedent are incubated together, clot-promoting ac- 
tivity evolves. Studies suggest that plasma throm- 
boplastin antecedent is converted during this 
procedure from an inactive to an active form by 
an enzymatic process. Under certain conditions, 
clot-promoting activity of an apparently identical 
nature appears spontaneously in preparations of 


plasma thromboplastin antecedent. Activated 
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Hageman factor and activated plasma thrombo- 
plastin antecedent are inhibited by diisopropyl 
fluorophosphate and by a fraction of normal 
plasma. 

These studies are in agreement with the hy- 
pothesis that activated Hageman factor initiates 
clotting by an enzymatic process. The data pre- 
sented may help to explain the asymptomatic na- 
ture of Hageman trait. 
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II. A PEPTIDE DIFFERENCE 
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An unusual serum protein anomaly, the occur- 
rence of two electrophoretically distinct albumins 
in the same serum, was recently reported by 
Knedel (2, 3) who observed the abnormality in 
eight members of two different families and termed 
the condition “‘double-albuminemia.” A_ similar 
anomaly was found by Earle, Hutt, Schmid and 
Gitlin in 25 of 43 individuals in a single family 
(4, 5), and additional families with double-albu- 
minemia have been reported by others (6-10). 
In all of these studies it was clear that the albu- 
min anomaly was transmitted genetically as an 
autosomal characteristic, the appearance of two 
serum albumins in the same individual being a 
manifestation of the heterozygous state. 

In the studies reported by Earle and co-workers, 
the two albumins proved to be immunochemically 
and ultracentrifugally indistinguishable from each 
other and from normal human serum albumin. 
Differential electrophoretic titration revealed that 
between pH 4.5 and 10, albumin A had a greater 
net negative charge than had albumin B, but at 
pH 3.5 and between pH 11.6 and 12.3 both albu- 
mins appeared to have the same electrophoretic 
mobility. The simplest explanation of the data 
suggested a substitution of either tyrosine, cysteine 
or lysine in albumin B for a carboxyl residue in 
Albumin A in all respects appeared 
to be normal human serum albumin, while a!bu- 


albumin A. 


min B was definitely anomalous. 
In the study reported here, albumins A and B 
were hydrolyzed enzymatically and the resultant 
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peptides were compared by electrophoresis and 
chromatography. The effect of pH on the net 
charges of the two albumins was reinvestigated 
when the data suggested that lysine was the 
anomalous amino acid in albumin B. 


METHODS 


Albumins. Serum was obtained from two adults 
with double-albuminemia who are members of the fam- 
ily reported earlier by Earle and colleagues (4, 5). 
Each serum was fractionated according to Cohn’s 
Method 10 as described by Lever and co-workers (11) 
and fraction IV + V was separated; it contained more 
than 90 per cent of the total albumin in the original whole 
serum. Approximately 80 to 85 per cent of the total 
protein in this fraction was albumin, and it had been 
ascertained earlier (5) that this fractionation method 
did not discriminate between albumins A and B. 
bumins A and B in each fraction IV + V were separated 
by starch block electrophoresis (12) at pH 8.6 using 
veronal buffer of ionic strength 0.1; the albumins were 
located in the starch blocks after electrophoresis by 
means of filter paper prints (5) and were then eluted 
from the appropriate segments with water. Each albu- 
min was subjected twice again to electrophoresis in 
starch blocks under the each, 
particularly albumin B, was usually contaminated with 
significant amounts of the other in the initial isolation. 
In this manner, preparations were obtained in which from 
85 to more than 95 per cent of the protein was albumin 
B as estimated electrophoretically and immunochemically 
(5); the remainder of the protein in these preparations 
was albumin A. Over 95 per cent of the protein in the 
preparations of albumin A appeared to be albumin A 
electrophoretically and immunochemically. Three sepa- 
rate isolations of albumins A and B were performed 
with each serum. 

Two normal human serum albumin preparations 
(kindly supplied by Dr. Walter Hughes) were obtained 
from pools of normal adult plasma by low temperature 
ethanol-water fractionation according to Method 6 of 
Cohn and his co-workers (13). Both albumins were 
crystallized (14) from fraction V, one with the aid 
of decanol (preparation Decanol 10) and the other as 


same conditions, since 
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the mercury dimer (preparation 187-4X). Both prepa- 
rations were recrystallized and were extensively charac- 
terized physicochemically and immunochemically (14-16). 
These albumins were dissolved in the same veronal buf- 
fer used for the electrophoretic separation of albumins 
A and B. 

All albumins were dialyzed against distilled water for 
24 to 72 hours and lyophilized prior to hydrolysis. 

Enzymatic hydrolysis. Twenty to 50 mg of the lyophil- 
ized albumins was dissolved in distilled water to a con- 
centration of 0.5 g per 100 ml and the solutions ad- 
justed to pH 8.0 with 0.1 N NaOH. The albumins were 
then denatured by heating to 100° C for 15 minutes to 1 
hour. The denatured albumins were hydrolyzed in the 
pH-stat (17) at pH 8.0 and 37° C with either chymo- 
trypsin or trypsin using an enzyme:albumin ratio of 
1:50 by weight and using NaOH for the maintenance of 
pH. The enzymes were obtained from Worthington 
Biochemical Corp.; both were bovine in origin and 
crystallized twice. Digestion was allowed to proceed 
for 1 to 2 hours, at the end of which time hydrolysis 
was essentially complete. The hydrolysates were ad- 
justed to pH 4.9 with 0.7 N HCl; at this point, small 
amounts of precipitate formed and these were removed 
by centrifugation. The supernatant hydrolysates were 
lyophilized and then redissolved in water to a concen- 
tration of 50 to 100 mg of original protein per ml. 

Separation of peptides. The peptides present in the 
soluble hydrolysates were separated on sheets of What- 
man no. 1 filter paper measuring 23 X 57 cm. A dry 
sheet was gently creased in the middle across the long 
axis and then laid out full length. A pencil line 7 mm in 
length was drawn, beginning 3 cm from one long edge 
and 1 cm to one side of and parallel to the middle crease. 
Two to 4 ul of hydrolysate, equivalent to 0.1 to 0.4 mg of 
albumin, was then applied to an area 1 X 7 mm on the 
dry paper, the application being guided by the pencil line. 
Application of the hydrolysate was accomplished by us- 
ing a capillary pipet made by drawing out tubing hav- 
ing an OD of 4 mm and an ID of 1 mm. The tip of the 
pipet was fine enough so that the hydrolysates under 
gentle pressure produced a streak about 0.5 mm _ wide 
when the pipet was drawn slowly across a piece of dry 
filter paper. After each streak of hydrolysate was ap- 
plied, the water was allowed to evaporate until the paper 
was almost but not quite dry and the hydrolysate applied 
again. In this way, the area of application was kept to 
the required size. In the waiting periods between streak- 
ings, the pipet tip occasionally plugged due to drying; 
this was rapidly remedied by dipping the tip into distilled 
water for a brief moment and then wiping the tip against 
an edge of filter paper. 

Two papers were hung in an inverted “V” side by side 
over three glass rods, 3 mm in diameter, which were 
mounted in a rack and the papers were wet and washed 
at the same time with pyridine-acetic acid buffer of pH 
4.29 (0.5 per cent pyridine in 0.2 M acetic acid) or pH 
3.6 (1 per cent pyridine in 1.75 M acetic acid) using a 
50 ml pipet beginning close to the area of application and 
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working across and down the paper. The buffer was al- 
lowed to creep the last few millimeters to and through 
the application area from both sides. The rack was 
then immersed in a tank containing Varsol no. 1 (ob- 
tained from Esso Standard Oil Co.), buffer reservoirs at 
the bottom of the tank making contact with the short 
edges of the paper. Electrophoresis was performed at 
52 v per cm of paper for 30 to 80 minutes in the same py- 
ridine-acetic acid buffers used to wet the papers. The 
Varsol was cooled during electrophoresis by means of 
cold tap water passing through plastic coils immersed 
in the tank. The temperature of the tank never exceeded 


32° and rarely exceeded 28° C; it was usually between, 


23°. 

After electrophoresis, the papers were dried at 70° C, 
rolled into short cylinders and subjected to ascending 
chromatography for 18 hours in 2,4,6-collidine : 2,6-luti- 
dine: water, in a volume ratio of 1:1:1. The papers 
were dried at 40° to 60° C, unrolled and treated for the 
detection of either arginine (18), histidine (19), trypto- 
phan (20) or tyrosine (21). Other papers were sprayed 
with 0.25 per cent ninhydrin in 95 per cent ethanol, and 
the color was developed by heating to 70° C for 15 to 30 
minutes and then leaving the papers at room tempera- 
ture for 1 to 3 days. The peptide patterns were photo- 
graphed by reflected light, using a light green lens filter 
and high contrast 35 mm copying film. 

Hydrolysis of peptides and separation of amino acids. 
Those peptides that appeared to be in different positions 
in the peptide patterns for the different albumins were 
cut out of chromatograms which were prepared as de- 
scribed above but sprayed instead with 0.002 per cent 
ninhydrin in 95 per cent ethanol. The peptides were 
eluted from the paper with 0.5 per cent NH,OH or 1 per 
cent acetic acid, lyophilized, hydrolyzed in 0.5 ml of 5.7 
N HCI at 105° C for 24 hours in a sealed tube, diluted 
with 5 ml distilled water, lyophilized, dissolved in 1 ml 
distilled water, lyophilized again and finally dissolved in 
8 ul distilled water. Approximately 4 ul of the hydroly- 
sate was applied to sheets of no. 1 Whatman filter paper 
measuring 20 X 20 cm and the amino acids chromato- 
graphed in two directions, first with water-saturated phe- 
nol containing quinolinol (22) and then with collidine, 
lutidine, and water, 1:1: 1. 

Electrophoretic mobilities. The electrophoretic mobili- 
ties of albumins A and B were determined by the free- 
moving boundary method employing a Perkin-Elmer in- 
strument, model 38. For these determinations fraction 
IV+V (11) was used throughout. The relative posi- 
tions of the two albumins on either side of their isoelec- 
tric points had been ascertained earlier (5). Electro- 
phoresis was done over a pH range of 2.5 to 12.1 for a 
time period of 1 to 2.5 hours when the two albumins 
were readily resolved and for 3 to 4 hours when resolu- 
tion was not evident. The buffers used are indicated in 
Figure 3. 

Titration. The albumins were titrated in 0.1 N NaCl 
using the automatic titrator made by Radiometer Corp., 
Copenhagen. Sodium hydroxide or HCl was added by 
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means of a calibrated syringe to the protein solution kept 
at 25° C in a double-jacketed water-heated vessel in 
which the temperature did not vary more than + 0.05° C. 
The amount of acid or base added, as well as the pH, 
was recorded automatically; pH was accurate to within 
0.005 units. The molecular weight of the albumins was 
taken to be 65,000 (23). 


RESULTS 


Hydrolysis with chymotrypsin. Whereas heat- 
denatured human serum albumin is insoluble in 
water at pH 4.9, after digestion with chymotryp- 
sin 81 to 94 per cent of the original weight of the 
albumins remained soluble at this pH. During 
hydrolysis, from 30 to 36 pmoles of NaOH per 
pmole of albumin of molecular weight 65,000 (23) 
was needed to maintain pH. In the peptide pat- 
terns obtained with these hydrolysates, approxi- 
mately 55 peptides could readily be distinguished 
(Figures 1A and 2). Fifteen of the peptides gave 
strong reactions for tyrosine, while three addi- 
tional peptides gave only weak reactions for tyro- 
sine (Figure 1C). One peptide was found that 
contained tryptophan, ten were found that con- 
tained arginine and at least three peptides were 
found to contain histidine (Figure 1B). 

The peptide patterns obtained for each of the 
albumins were reasonably reproducible whether 
the patterns were made with the same hydrolysate, 
with different hydrolysates from the same albu- 
min preparation or with different hydrolysates 
from different preparations of the same albumin. 
Reproducible differences between the peptide pat- 
terns for albumin A and pooled normal serum al- 
bumin could not be detected. In addition, despite 
careful study, no peptide could be found in the 
peptide patterns for albumin A or in those for 
normal albumin that did not have a peptide in the 
patterns for albumin B analogous in position and 
type of staining reaction. In the peptide patterns 
for albumin B, however, one peptide was present 


in a position where no similar peptide was found 
in the patterns for normal albumin or albumin A. 


The distinctive peptide of albumin B (peptide 
B) carried a relatively high net positive charge 
at pH 4.29 and pH 3.6; and indeed at pH 3.6, 
peptide B was one of the highest positively 
charged peptides in the patterns. 

Tyrosine, tryptophan, histidine and arginine 
could not be detected in peptide B, using the speci- 
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Fic. 1. CoMPosITE TRACINGS OF PEPTIDE PATTERNS OB- 
TAINED WITH CHYMOTRYPTIC HYDROLYSATES OF ALBUMIN 
B. In this and in all subsequent patterns, the direction 
of electrophoresis is horizontal with the anode to the 
right of the figure, and the direction of solvent chroma- 
tography is vertical. The vertical line indicating the 
origin was 7 mm long. A. Developed with ninhydrin. 
B. Developed for arginine (solid lines), tryptophan (T) 
and histidine (H). C. Developed for tyrosine. 


fied staining reactions for these amino acids. 
Upon isolation of the peptide followed by acid 
hydrolysis, peptide B was found to yield phenyl- 
alanine, lysine, alanine, glycine, glutamic acid 
and aspartic acid. As controls, areas in the pat- 
terns for albumin A and normal albumin, which 
were equivalent in size and position to peptide B, 
were also eluted and hydrolyzed with acid; these 
did yield traces of alanine and glutamic acid. 
Hydrolysis with trypsin. From 64 to 81 per 
cent of the original weight of the albumins re- 
mained soluble at pH 4.9 after hydrolysis with 
trypsin. As with chymotrypsin, this degree of 
variability in hydrolysis as measured by the rela- 


tive amounts of soluble and insoluble fractions 
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Fic. 2. PeptipE PATTERNS WITH CHYMO- 
TRYPTIC HYDROLYSATES OF ALBUMIN A AND ALBUMIN B; 
DEVELOPED WITH NINHYDRIN. A. Albumin B; electro- 
phoresis for 60 minutes and chromatographed with slightly 
more than a minimal amount of solvent. Peptide B is 
indicated by arrow. B. Albumin B, electrophoresis for 
45 minutes and chromatographed in a deeper layer of 
solvent than A; peptide B is indicated by arrow. C. Al- 
bumin A run at the same time as B. 


OBTAINED 


did not have a noticeable effect upon the peptide 
patterns obtained with the soluble portion of the 
hydrolysates. From 19 to 25 pmoles of NaOH 
per pmole of albumin was needed during digestion 
to maintain pH at 8.0. 

Approximately 55 to 60 peptides were readily 
detected in the peptide patterns of these hydroly- 
sates when stained with ninhydrin (Figures 3A 
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and 4). Of these, 18 or 19 peptides contained 
arginine, at least 6 contained tyrosine and 1 con- 
tained tryptophan (Figures 3B and 3C). No 
reproducible differences could be found between 
the peptide patterns for albumin A and for the 
normal albumins. On the other hand, two pep- 
tides were present in the patterns for albumin B 
that were not apparent in the patterns for the 
other albumins (Figure 3A). 

Elution of the two distinctive peptides of albu- 
min B with subsequent acid hydrolysis revealed the 
presence of lysine, alanine, glycine, serine, glutamic 
acid, aspartic acid and cysteine in the more posi- 
tively charged peptide, and arginine, serine and 
glutamic acid in the more negatively charged pep- 
tide. 


Fic. 3. COMPOSITE TRACINGS OF PEPTIDE PATTERNS OB- 
TAINED WITH TRYPTIC HYDROLYSATES. A. Developed 
with ninhydrin. Two unique peptides of albumin B and 
the uncertain peptide of normal albumin and albumin A 
(N) are indicated by arrows. B. Developed for argi- 
nine. C. Developed for tyrosine (solid lines) and tryp- 
tophan (T). 
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Fic. 4. Tryptic HYDROLYSATES, WITH 
NiNHYbRIN. A. Albumin B; arrows indicate unique 
peptides. B. Normal serum albumin, preparation Deca- 
nol 10, run at same time as A; arrow indicates the pep- 
tide of questionable uniqueness. 


DEVELOPED 


In the patterns for albumin A and in those for 
normal albumin, one peptide did appear to be 
present that did not seem to be present in the pat- 
terns for albumin B (Figures 3A and 4) ; due to 
close overlapping with another peptide that was 
present in all of the albumins, the uniqueness of 
this peptide could not be established either by 
elution or by staining reactions. 

Difference in net charge between albumins A 
and B at various pH’s. The electrophoretic mo- 
bilities of albumins A and B at various pH’s are 
shown in Figure 5. Between pH 4.00 and 8.43, 
the difference in the mobilities of the two albu- 
mins was fairly constant and averaged 0.55 x 10-5 
cm® per volt second; albumin A carries the more 
negative net charge throughout this range (5). 
At pH 9.96, some separation of the two albu- 
mins was noted after 4 hours, but at pH 10.8 or 
higher and at pH 3.5 or lower, the two albumins 
appeared to have the same mobilities. Interest- 
ingly, at or near pH 4.0, neither albumin A nor 
albumin B appeared to isomerize as does normal 
serum albumin; this was true whether albumins 
A and B were electrophoresed as a mixture or 
separately. 


Titration of albumins A and B and normal se- 


rum albumin preparation Decanol 10 revealed no 
significant differences between them within the 
limits of experimental error, and the titration 
data were the same as those reported previously 
for preparation Decanol 10 by Tanford (15). 
By correlating changes in the number of moles of 
hydrogen ions bound per mole of albumin at dif- 
ferent pH’s with changes in the mobility of albu- 
min A at these pH’s (24), it was possible to cal- 
culate the degree of change in mobility resulting 
from the binding or loss of one equivalent of hy- 
drogen ion per mole of albumin. As shown by 
Longsworth (24) and Schlessinger (25) for other 
proteins, the resulting change in mobility between 
pH 4.00 and pH 8.43 for albumin A was re- 
markably constant: 0.25 x 10°° cm? per volt sec- 
ond per mole H* per mole albumin. Since in this 
pH range, the mobility of albumin B less the mo- 
bility of albumin A was 0.55 x 10°° cm? per volt 
second, albumin B compared with albumin A at 
the same pH had a more positive net charge, 
equivalent to 2.2 moles H* per mole albumin 
within the range pH 4.00 to pH 8.43. 

Between pH 2.5 and 3.5 the change in mobility 
of albumin A with a change in bound hydrogen 
ions was approximately 0.03 x 10°° cm?* per volt 
second per mole H* per mole albumin, and be- 
tween pH 9.96 and 12.0 this value was approxi- 
mately 0.04 x 10°. 
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Fic. 5. THE ELECTROPHORETIC MOBILITIES OF ALBU- 
mins A (OQ) AND B (X) AT DIFFERENT PH’s. Ionic 
strength of formate and acetate buffers was 0.1; in the 
remaining buffers, ionic strength due to buffer salts was 
0.02 to which was added NaCl to make the ionic strength 
of the final solvent 0.1. 
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DISCUSSION 


It is apparent that a difference exists between 
albumin B on the one hand and albumin A and 
pooled normal albumin on the other in the pep- 
tides released from these proteins by enzymatic 
hydrolysis. The data suggest that this differ- 
ence is attributable to the presence of a lysine resi- 
due in albumin B which is not present in albumin 
A and normal albumin. The reasons for this 
conclusion are as follows. 

1. It had been demonstrated that, between pH 
4.0 and pH 10, albumin B had a more positive net 
charge than albumin A (4, 5). On the basis of 
the charges contributed to serum albumin by the 
various titratable groups in different pH ranges, 
it was suggested that the difference in electro- 
phoretic behavior might be attributed to a sub- 
stitution of either tyrosine, lysine or cysteine in 
albumin B for a carboxyl residue in albumin A. 

2. In peptide B, the anomalous peptide obtained 
by chymotryptic hydrolysis of albumin B, the only 
amino acid present with a positive charge at pH 
4.29 or pH 3.6 was lysine; arginine and histidine 
were both absent. 
nor cysteine was detected in the peptide. 


In addition, neither tyrosine 


3. Two peptides were found in the tryptic hy- 
drolysates of albumin B that were not present in 
the tryptic hydrolysates of the other albumins. 
One of these peptides contained lysine and the 
other arginine. Since tryptic hydrolysis is limited 
almost exclusively to bonds involving lysine or 
arginine, substitution of an amino acid other than 
lysine or arginine in albumin B would have re- 
sulted in the presence of only one anomalous pep- 
tide rather than two, unless two amino acids were 
replaced. Since peptide B did contain lysine and 
did not contain arginine, it appears that the anoma- 
lous amino acid is lysine. 

4. The more positive net charge on albumin B 
compared with albumin A in the pH range of 4.00 
to 8.43 was equivalent to approximately two pro- 
tons per molecule. This is in accord with a sub- 
stitution of a single lysine residue in albumin B for 
a single carboxyl residue in albumin A. Since 
albumin appears to have but a single peptide chain, 
substitution of more than one lysine would have 
resulted in more than two anomalous peptides on 
tryptic hydrolysis. Admittedly, however, different 


parts of the albumin chain may be identical in 
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amino acid sequence, and lysine substitutions may 
have occurred in identical peptide areas to yield 
but one anomalous peptide with chymotrypsin and 
two with trypsin. As will be pointed out, how- 
ever, the number of peptides obtained by chymo- 
tryptic hydrolysis did approach the theoretical, 
suggesting that major portions of the chain at 
least are not identical. Another possibility is that 
additional anomalous peptides were present but 
were not observed in the peptide patterns because 
of overlapping with nonidentical peptides or were 
present in the insoluble portion of the hydrolysates. 

Obviously, the case for any amino acid substi- 
tution could have been much stronger if the pep- 
tides of albumin A and normal albumin which 
were analogous to the anomalous peptides of al- 
bumin B had been isolated and analyzed. Unfor- 
tunately, the normal peptide equivalent of the two 
anomalous peptides released by trypsin could not 
be identified with certainty, and the nomal peptide 
equivalent of peptide B released by chymotrypsin 
could not be located at all. The reasons for the 
latter failure are not known, although a number of 
possibilities are apparent. In any event, the pep- 
tide patterns appear to support the thesis that al- 
bumin A is normal serum albumin (4, 5). 

In an earlier study (5), it was pointed out that 
a lysine-carboxyl substitution did not explain the 
observation that albumins A and B appeared to 
have the same mobility at pH 3.5 or lower and at 
pH 10.0 or higher: in the low pH range, the 
e-amino group of lysine is ionized but the carboxy] 
group loses its charge, whereas the reverse is true 
in the high pH range. Albumins A and B at 
these pH extremes would thus still differ by a 
net charge equivalent to one proton per molecule. 
In the present study, however, it was found that 
this difference in charge at these pH’s resulted in a 
difference in mobility of only 0.03 or 0.04 x 10° 
cm’ per volt second. Separation of the two al- 
bumins owing to this small difference in mobility 
would not be observed under the experimental 
conditions used, due to various physical disturb- 
ances, particularly those caused by the necessity 
for rapid continuous compensation to keep the al- 
bumins within the optical system of the equipment. 
At pH 9.93, 4 hours was needed to begin to see a 
separation of the two albumins. The failure to 
resolve the two albumins at the extremes of pH, 
therefore, was not necessarily owing to the absence 
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of a difference in mobility between the proteins but 
could instead have been due to the fact that the 
difference was simply too small to permit resolu- 
tion. 

Normal human serum albumin contains 31 
phenylalanine, 17 tyrosine, 1 tryptophan, 23 argi- 
nine and 55 lysine residues (26). Since chymo- 
trypsin hydrolyzes bonds involving phenylalanine, 
tyrosine or tryptophan, the total number of pep- 
tides found in the chymotryptic hydrolysates, ap- 
proximately 55, agrees reasonably well with the 
theoretical number of 50, The number of tyro- 
sine-containing peptides, 15 to 18, as well as the 
single tryptophan-containing peptide, also agrees 
with the amino acid composition of albumin. For 
trypsin, however, the total number of peptides 
found in the soluble hydrolysates, approximately 
55, was less than the 79 expected, even though as 
much as 81 per cent of the albumins did appear in 
the soluble portion of the hydrolysates. The 18 to 
19 arginine-containing peptides were also some- 
what fewer than the theoretical number of 23. 

It must be emphasized that, until similar stud- 
ies are done with the anomalous albumins found 
in other families with double-albuminemia, the 
findings obtained with albumin B pertain only to 
the anomalous albumin found in the family de- 
scribed by Earle and colleagues (4, 5). Most 
likely, additional types of genetic alteration in the 
amino acid sequence of albumin will be found. 
It should also be pointed out that, although the 
homozygous state for a genetically determined 
anomalous albumin has not yet been discovered, 
this, too, remains a real possibility. Consequently, 
the term paralbumin has been suggested as a 
generic term for the anomalous albumin (5) and 
the term paralbuminemia could apply for the ho- 
mozygous as well as for the heterozygous state. 
The terms double-albuminemia or bisalbuminemia 
obviously would not apply to the homozygous 
States. 

SUMMARY 


1. Two genetically determined human serum 
albumins were hydrolyzed with chymotrypsin and 
with trypsin. The resulting peptides were sepa- 
rated on filter paper by electrophoresis followed 
by chromatography. One of the two albumins, 
A, had the same peptide pattern as did normal 
human serum albumin. Chymotrypsin released 
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one anomalous peptide from the other albumin, B, 
whereas trypsin yielded two anomalous peptides. 

2. An electrophoretic study of the two albumins 
indicated that, between pH 4.00 and pH 8.43, al- 
bumin B had a more positive net charge than al- 
bumin A, equivalent to two protons per molecule. 

3. The data indicate that an anomalous lysine 
residue is present in albumin B replacing a resi- 
due in albumin A or normal albumin which most 
likely contains a free carboxyl group. 
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Occlusion of the right or left pulmonary artery 
forces the opposite lung to perform the total gas 
The alveolar ventilation of the one 
functioning lung must increase if it is to maintain 
normal arterial blood oxygen and carbon dioxide 
tensions (1). One would predict that total ven- 
tilation would increase about 80 to 90 per cent to 
achieve the necessary increase in alveolar ventila- 
tion. Soderholm, however, found only a 30 per 
cent increase in total ventilation when one pulmo- 
nary artery was occluded even though arterial 
blood oxygen saturation, carbon dioxide tension 
and pH did not change (2). Other investigators 
(3, 4) have noted even smaller changes in total 
ventilation during temporary unilateral pulmonary 
arterial occlusion (TUPAO). If tidal volume, fre- 
quency of breathing and oxygen consumption re- 
main the same, these findings could be explained 
only if some or all of the ventilation of the non- 
perfused lung were shifted to the functioning lung. 

Moore, Humphreys and Cochran (5) have 
shown that such a shift of ventilation did occur in 
most dogs when one pulmonary artery was oc- 
cluded by tightening a ligature brought out through 
the chest wall. They attributed this shift to a loss 
of erectile support of the vascular bed in the lung. 
Venrath, Rotthoff, Valentin and Bolt (6) also 
reported a redistribution of ventilation in dogs 
when one pulmonary artery was occluded by a 
balloon. They believed that the shift was caused 
by the low CO, on the nonperfused side, which is 
consistent Nisell’s (7) that 
bronchoconstriction occurred in excised cat lungs 


exchange. 


with observation 
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when alveolar CO, was reduced. On the other 
hand, Folkow and Pappenheimer (8), Julian, 
Travis, Robin and Crump (9), and Carlens, Han- 
son and Nordenstrom (10) found no significant 
shift of ventilation during TUPAO. 

We decided to reinvestigate the effect of uni- 
lateral cessation of pulmonary blood flow on the 
distribution of ventilation in dogs and man. In 
dogs (11) we have confirmed the findings of 
Nisell and of Venrath and co-workers that the low 
alveolar Peo. in the lung with no pulmonary ar- 
terial blood flow produces bronchoconstriction 
which results in redistribution of ventilation favor- 
ing the opposite lung. Our present studies indi- 
cate that such redistribution also occurs in man 
during TUPAO and is initiated by the same 
mechanism—1.e., the decrease in alveolar Peo. in 
the nonperfused lung. 


METHODS AND MATERIALS 


The plan of the investigation involved a) studies dur- 
ing and after temporary unilateral pulmonary arterial 
occlusion in patients before bronchospirometry and b) 
repetition of the studies in the same patients during 
bronchospirometry. Table I gives the physical, clinical, 
and pulmonary function data for the patients; all of the 
patients had some pulmonary disease. Control and 
TUPAO studies were performed 9 times in 8 patients 
without bronchospirometry, and once in each of the 9 
patients during bronchospirometry. 

Studies before bronchospirometry. With the patient 
supine on a fluoroscopy table, we placed a triple lumen 
cardiac catheter in the pulmonary artery of choice, via 
an antecubital vein. We then inflated a balloon near 
the tip of the catheter to obstruct the flow of mixed ve- 
nous blood to that lung (3). The first measurements 
were made during the period of vascular occlusion; this 
allowed the control studies to follow after deflation of 
the balloon and eliminated any intervening period of 
fluoroscopy and manipulation of the catheter. We col- 
lected expired gas in a Tissot spirometer which recorded 
tidal volume and frequency of breathing. After three 
preliminary collections, we made the final collection for 
a 3 minute period; we drew systemic and pulmonary 
arterial blood samples during the second minute. We 
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TABLE I 


Clinical and routine data of ten studied * 


Patient Diagnosis vc MBC 


% predicted 


Bilat. nodular 152 
scars, esp RUL 


Ca in LLL 117 
old tbe RUL 


Bilat. midlung 
tbe infilt. 


Emphysema; 
bilat. bronchiect. 


Cain RUL; 
inactive bilat. 
apical tbe 


Oat cell Ca in RLL 
LLL bullae 


Ca in RLL; 
inactive bilat. 
apical tbe 


Ca +abscess in 
Ss, LLL 


RUL tumor 


* Abbreviations: VC =vital capacity; MBC =maximal breathing capacity; RV/TLC 
N:2 concentration between 750 and 1,250 ml expired after a single breath of pure Oz (1); 
arterial oxygen tension; 
wll =superior segment of left lower lobe; Ca =carcinoma. 


flow rates (1); Sao» =% arterial oxygen saturation; Paoz = 
at rest; RUL =right upper lobe; SS, I 


measured the O, and CO, concentrations of expired gas 
(using the Scholander apparatus) and of blood (using 
the Van Slyke apparatus). We determined systemic ar- 
terial O, and CO, tensions with special electrodes (12). 
We calculated O, uptake, CO, elimination, respiratory 
quotient, cardiac output, physiological dead space and 
alveolar ventilation. 

We calculated anatomic dead space during and after 
TUPAO from continuous recordings of expired CO, 
concentration and flow (13); CO, concentration was ob- 
tained with the Beckman Spinco apparatus and flow with 
a Fleisch pneumotachygraph. The lag of the CO, meter 
was measured at the time each patient was studied; 
averaged 0.1 second. 

In order to determine whether venous to arterial 
shunts were present during the vascular occlusion, we 
gave two patients (O.B. and A.G.) pure oxygen to 
breathe for 20 minutes before we deflated the balloon; 
they continued to breathe oxygen during and after bal- 
loon deflation. We measured the oxygen tension of 
arterial blood (12) just before deflation and 1 minute 
afterwards. Finally, to determine whether shunts were 
due to easily reversible atelectasis, we asked the patients 
to take several deep breaths and repeated the measure- 
ment of arterial blood Po». 

Studies during bronchospirometry. At the completion 
of the previous studies, we injected intravenously 0.75 to 
1.0 mg of atropine sulfate and 75 to 100 mg of pento- 
barbital sodium as premedication for bronchospirometry. 


Maximal flow rates 
Before/After iso- 
proterenol aerosol 


MEFR 


Paoe 
Breath 
ing Ov Dco 


Breath- 


MIFR ing air 


L/min mm He 


on 

predict. 

300, 595 68 


123,150 


57/117 96,110 


214/200 200,200 


> =residual volume per total lung capacity; SB O2 =rise 
MEFR and MIFR =maximal expiratory and inspiratory 
Dco =breath-holding diffusing capacity for carbon monoxide 


The patient then sat up and we anesthetized his airway 
with 1 per cent tetracaine, and passed a Carlens catheter 
(French 41) by indirect laryngoscopy. With the pa- 
tient again supine and breathing air, we collected ex- 
pired gas from each lung simultaneously in meteorologic 
balloons. We noted the time of collection and the re- 
spiratory rate so that we could calculate mean tidal 
volume. We determined the oxygen uptake, carbon di- 
oxide output, minute and tidal volumes of each lung. 
Under fluoroscopic control we then reoccluded the pul- 
monary artery to one lung and repeated the above studies. 
We then measured the anatomic dead space in each lung 
in sequence, starting with the perfused lung. During 
each determination, a sample of systemic arterial blood 
was drawn for measurement of CO, tension. Low tidal 
volumes, especially on the side of the pulmonary arterial 
occlusion, made measurements of the anatomic dead space 
difficult, but they were nevertheless reproducible within 
a limit of 5 ml.1. While monitoring CO, and air flow of 
the lung with a blocked pulmonary artery, we then de- 
flated the occluding balloon. Figure 1 shows an example 
of the increase in alveolar (end tidal) CO, and flow.” 
t Calculated anatomic dead space volumes were cor- 
rected for 15 ml of apparatus dead space (catheter lu- 
men and tubing) so that they represent volumes “below 
the carina.” 
2 Low end tidal CO, values were useful as a criterion of 
the unilateral blockade of perfusion. However, oxygen 
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BEGIN COMPLETE 
DEFLATION OF GALLOON OCCLUDING RPA. 
Fic. 1. INSPIRED AND EXPIRED Peco, AND FLOW TRAC- 
INGS IN PatiENT L.P. MONITORED AT THE EXTERNAL ORI- 
FICE OF THE RIGHT LUMEN OF THE BRONCHOSPIROMETRIC 
CATHETER BEFORE, AND AFTER DEFLATION OF THE 
BALLOON BLOCKING THE RIGHT PULMONARY ARTERY. 


DURING 


We again measured anatomic dead space on each side. 
The time between the dead space measurements of the 
right and left lung during either the control period of 
unilateral pulmonary arterial occlusion was less than 5 
minutes. 

In the last two patients (E.T. and E.P.) we tested the 
effect of administering 6 per cent CO, (in air or oxygen) 


uptake data showed that the occlusion was not always 
complete, even when an allowance was made for an 
enlarged bronchial collateral flow of blood and the mild 
hypoxemia associated with the patient’s disease and the 
nature of the procedure (see Discussion). 


TA 
Studies “at the mouthpiece” (undivi 
unilateral pulmonc 
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to the unperfused lung to determine the effect of changing 
concentrations of CO, on the distribution of tidal volume 
between the two lungs. 


RESULTS 


Table II shows the results of nine studies in 
eight patients with the airway undivided. Associ- 
ated with the occlusion, there was no significant 
increase in total ventilation. The unchanged 
arterial CO, tension suggests that alveolar ventila- 
tion remained normal even though there was no in- 
crease in total ventilation. Mean values for alveo- 
lar ventilation (total minus physiologic dead space 
ventilation) were 4.21 L per minute after, and 4.10 
during the occlusion, a decrease of 3 per cent (not 
statistically significant). The mean oxygen up- 
take and carbon dioxide output each decreased 8 
per cent (the differences again were not statisti- 
cally significant) and the respiratory quotient 
stayed approximately the same. The physiologic 

dead space increased slightly while the mean ana- 

tomic dead space decreased slightly. The mean 
values for both the arteriovenous oxygen differ- 
ence and the cardiac index decreased slightly but 
not to a statistically significant degree. 

BLE II 


ded airway) after and during temporary 
ury arterial occlusion * 


PA occluded 
side 


Patient VE Pacoz 


L/min mm Hg 


7.10 
6.84 


39 
9.23 
9.92 


8.86 
10.48 


9.75 
11.61 


0 
L 


R 


Mean control 
TUPAO 


Physiol. 
VD 


Voz 
ml L/min ml = ml/min ml/mi 
216 


205 


176 
168 


3.74 
3.40 

208 171 
227 


RYE wh 
2: 
SE 


ne 


121 
110 


* Abbreviations: VE =total ventilation; f =respirations per minu 
logic dead space uncorrected for 100 ml apparatus dead space; VA =a! 


te; Vr =tidal volume; Paco =arterial CO:2 tension; Physiol. Vp =physio- 
lveolar ventilation; Anat. Vp =anatomic dead space; VO2 =oxygen uptake; 


Vco2 =carbon dioxide output; RQ =respiratory quotient; AVD =arteriovenous Os: content difference; CI =cardiac index. 
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Table II] shows the results of TUPAO during 
bronchospirometry in nine patients. The total 
ventilation (mean) increased 22 per cent; how- 
ever, the ventilation of the lung with the occluded 
pulmonary artery was only 29 per cent of the total 
as compared with a control value of 44 per cent. 
The anatomic dead space of that lung also de- 
When 6 per cent CO, in air or oxygen 
was breathed by the unperfused lung (Patients 
E.T. and E.P.), the fraction of the total ventila- 
tion of that lung returned to control values. 


creased. 


DISCUSSION 


Unilateral pulmonary arterial obstruction in a 
normal individual must create a considerable in- 
crease in physiologic dead space, if ventilation of 
Under these con- 
ditions, total ventilation should increase about 80 


alveoli on this side continues. 


per cent to maintain normal O, and CO, tensions 
Nevertheless, previous 
investigators (2-4) have not found an increase 
in total ventilation of the magnitude predicted, 
and our study confirms this. 


in systemic arterial blood. 


There are several possible ways of explaining 
how arterial blood O, and CO, tensions can re- 
main normal during TUPAO with little or no in- 
crease in over-all ventilation. 

1. The pulmonary circulation may have been 
occluded by disease before the balloon occlusion. 
This was not true in our patients; bronchospiro- 
metric studies showed that the O, consumption 
of the experimental lung averaged 44 per cent of 
the total for the two lungs in the control period, 
and in only one patient (E.P.) was it less than 30 
per cent of the total. 

2. TUPAO may be accompanied by a decrease 
in body metabolism which occurs either coinci- 
dentally (change in environment) or by some re- 
flex action. A decrease in O, consumption may 
he responsible in part in Patients L.P. (Table IT) 
and L.M. (Table III), but the mean values of 
©, consumption were only 8 per cent lower than 
during the control period, which could not explain 
the data observed. 


3. Breathing may change to a slower and deeper 
pattern so that alveolar ventilation may increase, 


although over-all minute ventilation does not. 
This mechanism may afford a partial explanation 
in Patient A.D. (Table II), but in the other pa- 
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tients there was either little change in respiratory 
frequency or there was an increase. 

4. Anatomic dead space may decrease, The 
mean value decreased from 121 to 110 ml during 
TUPAO. This change is too small to explain 
the data observed. 

5. Redistribution of inspired air may occur so 
that a large fraction of it enters perfused alveoli 
and little enters the nonperfused lung. 

We believe that the major factor in the main- 
tenance of normal arterial blood O, and CO, ten- 
sions during TUPAO is a redistribution of in- 
spired air. The data obtained during broncho- 
spirometry show unequivocally that the percentage 
of inspired air directed to the nonperfused lung 
decreases (mean decrease from 45 to 29 per cent) 
and that to the other lung increases (mean in- 
crease from 55 to 71 per cent). There is a sug- 
gestion that the shift is more effective when the 
airway is not divided, since the change in total 
ventilation was less than that noted during bron- 
chospirometry. Atropine, used as premedication 
for bronchospirometry, may act to prevent bron- 
choconstriction, since it is known to increase the 
anatomic dead space (14). However, in our ani- 
mal studies, atropine did not alter the ventilatory 
shift associated with the unilateral occlusion (11). 
Topical anesthesia may also play a role. It is also 
possible that the procedure of bronchospirometry 
leads to an increase in sympathetic nervous sys- 
tem activity and that this tends to decrease the 
response. We have been able to block the response 
completely by administering isoproterenol as an 
aerosol to the side with the arterial occlusion or 
by infusing epinephrine into the main pulmonary 
artery in animals (11). A mechanism such as this 
may have been responsible for the negative results 
in some previous studies in dogs (9) and patients 
(10). Patient J.J. failed to show any decrease in 
his ipsilateral tidal volume during TUPAO; his 
mean systemic arterial pressure rose gradually 
from a normal level to 150 mm Hg during bron- 
chospirometry and TUPAO. 

The mechanism responsible for the redistribu- 
tion of inspired air in man appears to be the same 
as in the dog: TUPAO leads to decreased elimina- 
tion of CO, ipsilaterally and to a decrease in al- 
veolar CO, tension; this in turn leads to broncho- 
constriction. Addition of CO, to the gas inspired 
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by the experimental lung, so that its alveolar Peo, 
remains normal despite TUPAO, prevents the re- 
distribution (6, 7, 11). Pressure upon the bron- 
chus by the inflated balloon in the pulmonary ar- 
tery cannot be responsible, because bronchograms 
in two subjects could not demonstrate any en- 
croachment upon the airway near the balloon (Fig- 
ure 2). The low pressure distal to the occluding 
balloon in the pulmonary artery does not initiate 
the redistribution, as was postulated by Moore 
and colleagues (5), because the shift fails to oc- 
cur when the balloon is inflated if the inspired gas 
contains 6 per cent CO, (11). 

Airway-narrowing during TUPAO can pro- 
ceed to the point of atelectasis. When we deflated 
the occluding balloon in two patients breathing 
oxygen, the systemic arterial blood O, tension de- 
creased abruptly, indicating that there was a pul- 
monary arterial to venous shunt on that side. 
Since the arterial Po, rose to or toward control 
values after deep breathing, we suspect that the 
shunt was through atelectatic regions which could 
be opened up by voluntary hyperinflation (Table 
IV). 

Unilateral bronchoconstriction may also be re- 


Fic. 2. THE LEFT LU- 
MEN OF THE BRONCHOSPIROMETRIC CATHETER IN PATIENT 
F.FR. DURING TEMPORARY OCCLUSION OF HIS LEFT PUL- 
MONARY ARTERY. 


BRONCHLOGRAM VIA 


TABLE IV 
The effect of deflation of pulmonary arterial (PA) 
balloon and of deep breathing on Paodz 
(patients breathing throughout) 


Arterial Oz tension (mm Hg) 
Immediately 
after 
deflation After 
PA deep 
breathing 


Before 
deflation 


of PA of 
balloon 


Patient PAO balloon 


520 
510 


420 
400 


520 
590 


O.B. L 
R 


sponsible for delayed exhalation by the involved 
lung. This was suggested by the alteration in the 
“alveolar plateau” (when expired CO, was moni- 
tored at high paper speed) during unilateral pul- 
monary arterial occlusion in some of the patients. 
As can be seen in Figure 3, the normal slight up- 
ward slope of the alveolar plateau was changed to 
an irregular downward sloping pattern, somewhat 
similar to that described by West and Hugh-Jones 
in studies in animals (15). 

We were not always able to eliminate the oxy- 
gen uptake on the side of the TUPAO. Despite 
roentgenographic confirmation of the position of 
the balloon, the blockade was probably incomplete 
in two cases (J.J. and N.P., Table III). The 
mean residual oxygen uptake of the “unperfused” 
lung may be in part attributable to an enlarged 
collateral circulation bringing slightly desaturated 
bronchial arterial blood into the pulmonary capil- 
lary bed. The arterial oxygen tensions were in 
the range of 70 to 80 mm Hg; however, no cor- 
relation was present between the size of the oxygen 
uptake on the side of the occluded artery and the 


BEFORE 


DURING 
RPA. OCCLUSION RPA OCCLUSION 


AATERIAL PCO, * 39 ARTERIAL Pco, * #0 


EXPIRATORY 


SEC. 


Fic. 3. CO, AND AIR FLOW TRACINGS AT THE MOUTH- 
PIECE (UNDIVIDED AIRWAY) BEFORE AND DURING RIGHT 
PULMONARY ARTERIAL OCCLUSION IN PATIENT J.J. Note 
the changes in the “alveolar plateau” as well as the ar- 
terial-alveolar CO. tension differences associated with 
the occlusion. 
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arterial oxygen tension or saturation before vas- 
cular occlusion when the airway was undivided. 
The CO, output of the “unperfused” lung was 
consistently greater (mean of 9 per cent of the 
bilateral CO, output) than the contribution of that 
lung to the total oxygen uptake. The high re- 
spiratory quotient resulting is explainable on the 
basis of the high CO, gradient and ready diffusi- 
bility of this gas from the bronchial collateral 
(systemic arterial) blood to the alveoli of the lung 
whose supply of mixed venous blood is blocked. 


SUMMARY 


1. In eight patients with chronic lung disease, 
studied during and after temporary unilateral pul- 
monary arterial occlusion (TUPAQ) in order to 
determine the ventilatory response to one-sided 
obstruction of the flow of mixed venous blood: 
a) On the average, the total ventilation was un- 
changed. b) At the same time, the mean arterial 
Peo, did not rise, indicating that alveolar hypo- 
ventilation had not occurred. c) The physiologic 
dead space increased less than might have been ex- 
pected considering that 45 per cent of the total 
ventilation and oxygen uptake was originally 
performed by the lung whose pulmonary artery 
was later blocked. d) In several cases the “alveo- 
lar plateau” of CO, became irregular during the oc- 
clusion and sloped downward ; this was interpreted 
as delayed emptying of the lung whose CO, out- 
put was curtailed from lack of perfusion. 

2. In nine patients, studied by bronchospirom- 
etry and unilateral pulmonary arterial occlusion: 
a) After obstructing the flow of blood to one lung 
the tidal volume of that lung decreased so that its 
contribution to the total ventilation diminished 
from a mean of 45 to 29 per cent during the oc- 
clusion. >) During unilateral pulmonary arterial 
occlusion the anatomic dead space in that lung 
(below the carina) decreased from a mean of 31 
ml before, to 19 ml during occlusion. c) Although 
the total ventilation increased by a mean of 22 
per cent, under these circumstances the shift in 
the distribution of ventilation allowed the con- 
tralateral lung to increase its ventilation by a mean 
value of 63 per cent (5.73 L per minute before, 
9.32 during occlusion) ; the normal arterial Peo. 
figures (mean of 38 before, 40 mm Hg during) 
attest to the magnitude of this shift. d) Allowing 
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the “unperfused” lung to breathe 6 per cent CO, 
in two cases resulted in a return to the preocclu- 
sion values for distribution of inspired gas to the 
right and left lungs. 

3. We suggest that the immediate reduction of 
ventilation in one lung following the occlusion of 
its pulmonary artery is due to bronchoconstriction 
which occurs in response to local airway hypo- 
capnia and leads to regional atelectasis. 
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In previous studies of renal oxygen consumption 
in man the results have been expressed in the fol- 
lowing terms: a) the total oxygen consumed per 
two kidneys per minute (TQo,) (1); )) the quan- 
tity of oxygen utilized per 100 g per minute based 
on the measurement of Too, and an assumed 
weight of 300 g per two kidneys (1); c) the 
TQo, as related to total renal blood flow (TRBF) 
and glomerular filtration rate (GFR) (2). In 
the later instance Cargill and Hickam (2) con- 
cluded that TQo, was best correlated with the 
GFR. Bradley and Halperin (3), on the other 
hand, suggested that the TQo, of the kidney was 
probably related to the “tubular functional mass” 
as determined by the tubular maximal secre- 
tory capacity for sodium  para-aminohippurate 
(Tmpan). However, as noted by Smith (4), 
no data have been forthcoming with regard to the 
latter relationship. 

Therefore, the present paper is an attempt: 7) 
to provide data in which the relationship between 
the total renal oxygen consumption and_ the 
Tmpan is defined in normal subjects and in pa- 
tients with kidney disease; 2) to demonstrate the 
limitations of such a ratio (TQ o./Tmpay) ; and 
3) to suggest that in future studies TQo. be con- 
sidered alone 
be determined as Qo, per 100 g per minute. 


and/or that oxygen consumption 


MATERIAL AND METHODS 


Five “normal”? subjects, 5 patients with essential hy- 


pertension (grade 2-3), 5 with diabetic nephropathy, 5 


* This research was supported by grants from the Wis- 
consin Heart Association, the Wisconsin Alumni Re- 
search Foundation, and the National Heart Institute 
(H-1495 and H-4263). 

+ Present address: Renal Section, Hospital of The 
University of Pennsylvania, and the Department of Clini- 
cal Research, Hospital, Philadelphia, 
ra. 

t Markle Fellow in Medicine. 

1“Normal” were individuals diagnosed as 
having “psychoneurotic reaction” (000-XOY). 


Mercy-Douglass 


subjects 


with chronic pyelonephritis, and 5 with chronic glomeru- 
lonephritis were selected from the wards of the Uni- 
versity Hospitals between 1952 and 1958. In addition, 
one each of the following types of patients was stud- 
ied as a “control”: “juvenile” diabetes mellitus without 
clinical evidence of retinopathy or nephropathy; essen- 
tial hypertension before and after the administration of 
oral glucose and intravenous insulin. In all cases the 
diagnoses were made on clinical rather than morpho- 
logical grounds. 

All patients, with the exception of those with diabetes 
mellitus, were studied in a fasting state. The exceptions 
were given their breakfast as a liquid glucose equivalent 2 
along with their daily dose of insulin 1 hour prior to the 
start of the test. Evidence that such a procedure did 
not appear to influence the results is presented in the 
Discussion. 

Simultaneous determinations of glomerular filtration 
rate, total renal plasma flow (TRPF), TRBF, arterio- 
renal venous oxygen difference (A-RVo,), TQo:, renal 
blood flow per 100 g per minute (RBF), renal oxygen 
consumption per 100 g per minute (Qo.), and in vivo 
renal weight (Rw:) were made, utilizing right renal vein 
catheterization and techniques previously described for 
this laboratory (5, 6). 

The results, represent the 
average of three 15-minute periods. They are uncor- 
rected for surface area since the relationships to be 
discussed did not lend themselves to correction and/or re- 
sulted in cancellation of this correction by virtue of being 
present in both the numerator and the denominator. Fur- 
thermore, the mean values for surface area of the 5 
groups did not differ significantly from one another per 
meter 2. (“normals,” 1.80; essential hypertension, 1.81; 
chronic glomerulonephritis, 1.80; diabetic nephropathy, 
1.77; chronic pyelonephritis, 1.82). 

Statistical analyses were performed, utilizing the stand- 
ard ¢ test (7). 


contained in the tables, 


RESULTS 


The results are presented in Tables I-III. 
Table I contains the individual data. Table II 
represents the mean values for each function of 


2 The liquid glucose equivalent was calculated as 100 
per cent of the carbohydrate, 58 per cent of the protein, 
and 10 per cent of the fat which would have been con- 
sumed at breakfast. 
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TABLE I 
Individual renal and metabolic data * 


Normal 


0.29 
N.G. 91 1,440 300 480 88 0.18 
K.T. 86 1,255 342 368 62 0.17 
K.L. 81 935 302 310 88 0.28 

0.28 


M.H 52 675 307 220 47 0.21 
D.K. 44 755 265 285 55 0.19 
C.B. 87 1,085 279 389 101 0.26 
D.A, 71 1,110 249 446 76 0.17 
P.M. 15 350 300 117 19 0.16 


Diabetic nephropathy 


A.K. 30 455 160 284 21 0.07 
W.F. 19 405 144 323 25 0.08 


* See text for abbreviations. 


any given group, the standard errors of such 
means, as well as the level of statistical significance 
(p) when the mean of a given function in a par- 
ticular disease group is compared with the mean 
of the corresponding function of the ‘‘normal” in- 
dividuals. The material contained in Table III 
has been reserved for the Discussion. 

Normal. The results obtained in such indi- 
viduals were in accord with those previously re- 
ported from this (5, 6) and other laboratories 
(4). The values for GFR may be questioned as 
being normal. However, “normal” mean values 
given by other investigators, using the inulin 
clearance technique, with PAH at low plasma lev- 
els, have ranged between 114 and 140 ml per min- 
ute with standard deviations of + 4.4 to + 40 ml 
per minute (4). Also, the GFR’s presented in 
Table I were obtained at the same time as the de- 
terminations of Tmpan. The latter procedure, 
based on 30 different investigations in as many 
patients, produced a decrease in GFR of 19 per 
cent (8) over those obtained before PAH satu- 


TmpanH GFR GFR TRBF TQo2 TQo2 
Patient GFR TRBF- RBF Rwt Rwt TmpauH Rwt TmpaH A-RVO2 Qoe TmPAH GFR 
ml/min ml/min ml/100 g mg/min meg/ ml /mg ml / ml/mg vol %  ml/100 mi/mg ml /ml 

g/min min/g kidneys g/min 


/min 


0.390 1.3 23.4 6. .23 0.176 

1.03 0.190 16.3 1.4 20.2 4.2 0.236 0.222 
39 0.243 20.2 1.2 15.1 4.1 0.172 0.176 
0.91 0.261 10.5 1.8 16.8 5.4 0.191 0.207 
1.4 20.5 6.8 0.197 


11.8 1.7 12.1 7.0 0.237 
1.03 0.285 14.3 3.2 14.6 4.8 0.172 0.168 
1.03 0.254 12.2 1.8 19.3 5.5 0.219 0.215 
0.90 0.329 9.2 2.1 13.2 7.1 0.192 0.213 

0.4 2.0 13.1 8.5 0.203 


11 0.236 14.4 1.5 10.1 4.6 0.215 0.193 
80 0.154 13.7 1.0 7.6 2.7 0.139 0.173 
86 0.224 10.8 1.8 19.5 5.0 0.197 0.224 
93 0.159 14.6 1.2 13.4 3.0 0.176 0.189 
79 0.128 18.4 1.8 6.3 5.4 0.331 0.420 


ration. This is in accord with previous observa- 
tions (4). 

Essential hypertension. A comparison of the 
data of these patients with those obtained in “nor- 
mal” subjects shows that GFR (p< 0.05), 
TRBF (p<0.02), and the Tao, (p< 0.05) 
were significantly reduced. In contrast, the 
A-RVo, (p > 0.2), the RBF per 100 g per min- 
ute (p > 0.7), as well as the renal Qo, per 100 g 
per minute (p >0.3) were not significantly dif- 
ferent from normal. The decline in TRBF and 
TQo., as compared with the lack of change in 
these functions when expressed on a unit weight 
basis, is probably related to the significant reduc- 
tion in renal weight (p < 0.05). The mean value 
for Tmpay was 11 mg per minute less than the 
mean value for this function in normal subjects, 
but this difference was not statistically significant 
(p > 0.12). 

The ratio of the TQo, to the Tmpan or to the 
GFR remained unaltered (p> 0.3 in both in- 
stances). The significant decrease in TRBF/ 
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E.K. 51 710 60 0.35 
L.A, 87 1,215 398 305 85 0.28 
K.L, 90 1,070 303, 353 88 0.25 
oe S.R. 62 630 336 188 69 0.37 ; 
D.N. 57 655 426 ‘151 63 
Chronic glomerulonephritis 
1, 
| 0. 
0. 
0. 
ye 0.76 0.059 18.6 1.4 6.5 2.0 0.260 0.342 
ae E.McM. 61 790 208 378 57 O15 1.07 0.162 13.9 2.1 16.8 4.4 0.293 0.275 
ats H.B. 44 665 233 285 35 0.42 1.25 0.154 19.0 1.4 9.3 aa 0.265 0.212 : 
ie M.W. 36 640 298 230 32 0.14 0.12 0.157 19.4 1.3 8.3 3.9 0.269 0.230 
P.S. 30 390-157-248 30. 0.12 1.00 0.121 30. 48 8 3.2 0.273 0.272 
oe W.H. 11 210 134 157 11 0.07 1.00 0.070 12.2 1.3 2 1.7 0.245 0.245 ee 
ee Ne E.W. 41 610 189 322 47 0.15 0.87 0.127 13.0 1,3 9 2.8 0.195 0.224 £ 
R.G. 21 300 121 247 19 0.08 1.11 0.085 15.8 1.9 5 2.3 0.300 0.272 i “a 
7 L.E, 27 210 63 331 18 0.05 1.05 0.081 11.7 4.1 8 2.6 0.486 0.318 ~ j 
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RENAL OXYGEN CONSUMPTION 


TABLE 


Control studies 


Patient no. GFR TRBF TmPaAH TmPaH A-RV02 TmPaH GFR 
ml/min ml/min mg/min ml/min ml/min vol % ml /2 ml/mg ml /ml 
kidneys 
/min 
1. Diabetes 65 865 72 0.90 12.0 1.8 15.6 0.216 0.240 
mellitus without 
nephropathy 


. Essential 740 49 
hypertension Ef 53 650 49 


* Control, fasting. 


t Thirty to 60 minutes after 0.1 U insulin/kg i.v., plus 100 g glucose p.o. 


Tmpan (p < 0.05) and the constancy of the GFR/ 
Rwe (p > 0.7) were expected, in view of the fact 
that the pathological changes in such kidneys are 
primarily of a vascular nature. In contrast, the 
significant reduction in GFR/Tmpan (p< 0.05), 
and the increase in Tmpay/Rwt (p < 0.05), were 
unexpected findings. A possible explanation for 
these observations is presented in a later section. 

Chronic glomerulonephritis. As patients 
with essential hypertension, the GFR (p < 0.02) 
and TRBF (p< 0.02) were significantly de- 
creased. However, when these functions were 
related to the Tmpan, a significant reduction was 
noted in GFR/Tmpan (p < 0.05), while TRBF/ 
Tmpan remained unchanged (p > 0.3). Further- 
more, there was a fall in GFR/Ryt (p< 0.05). 
Such findings indicated the primary glomerular 
involvement in this entity. The absence of a 
change in TRBF/Tmpan (p > 0.3), despite sig- 
nificant reductions in TRBF (p < 0.02) as well 
as RBF per 100 g per minute (p< 0.05), is in- 
terpreted to mean that the fall in renal blood flow 
was proportionate to the progressive renal dam- 
age in this disease. 

Tmpan/Ryt remained unchanged (p> 0.1) 
while all of the other estimations were similar to 
those found in the individuals with essential hy- 
pertension. 

Diabetic nephropathy. The features which dis- 
tinguished this group of patients from “normal,” 
as compared with the groups with essential hyper- 
tension and glomerulonephritis, were the signifi- 
cant reductions noted in Tmpan (p < 0.001), 
Tmpan/Ryt (p < 0.01), Qo. per 100 g per min- 
ute (p<0.02) and the significant increases in 


0.213 0.178 
0.200 0.185 


wun 
CO 


TQo0./Tmpan (p< 0.01) and TQo./GFR (p< 
0.05). Furthermore, GFR/Tmpay and TRBF/ 
Tmpan, which heretofore, either alone or in com- 
bination were significantly altered, remained un- 
changed in these individuals. 

Chronic pyelonephritis. Patients in this group, 
with two exceptions, were similar from both 
functional and metabolic standpoints to the pa- 
tients with diabetic nephropathy. First, although 
the mean value for TQo,/Tmpan was increased to 
an even greater extent (0.300 ml per mg) than 
that observed in the patients with diabetic ne- 
phropathy (0.271 ml per mg) it was nevertheless 
not found to be statistically different from nor- 
mal, due to the variability of the individuals within 
the group. Secondly, TQo./GFR was significantly 
increased (p < 0.01). 


DISCUSSION 


It is obvious that the renal TQo, represents the 
sum of the oxygen consumed by the individual 
parts of the kidney. However, in the past, ef- 
forts have been made to relate the former quan- 
tity of oxygen to one functional measurement 
[e.g., TRBF (9, 10), GFR (2)]. Therefore, 
since it was conceivable that TQo, might be pri- 
marily related to TRBF, to the “tubular functional 
mass” or to glomerular function and, since all of 
these functions have not heretofore been measured 
simultaneously in patients with “normal” and 
diseased kidneys (4), the present study was un- 
dertaken in an effort to test whether such a pri- 
mary relationship existed. 

Total renal blood flow. Van Slyke, Rhoads, 
Hiller and Alving (9), as well as others (10), 
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initially concluded that the total renal oxygen con- 
sumption was related to the total renal blood flow. 
Subsequent studies by Clark and Barker (1) and 
Barker and Crosley and co-workers (11-13), uti- 
lizing measures which alter total renal blood flow, 
showed that such was not the case in normal hu- 
man subjects or in patients with renal disease. 
Thus the arterio-renal venous oxygen difference 
could indeed narrow or widen in response to 
change in blood flow, thereby maintaining an un- 
changed oxygen consumption. Furthermore, 
since TQo, is derived as the product of TRBF 
and the arterio-renal venous oxygen difference, 
one would predict a high correlation between 
TRBF and TQo, on a purely mathematical basis. 
In addition, it follows that the narrower the range 
of the arterio-renal venous oxygen differences the 
higher the correlation. In the present study this 
range was so narrow that there was no significant 
difference between the arterio-renal venous oxy- 
gen differences of the diseased groups and those 
of the “normals”; hence a correlation between 
TRBF and TQo, was not considered applicable. 

Although it had 


“Tubular functional mass.” 


been suggested by Bradley and Halperin (3) that 
the most likely relationship between the TQo, 
and the renal functional elements was between 
Too, and the “tubular functional mass” (TQo0,/ 
Tmpan), no data on this ratio have been forth- 


coming until the present study (4). Support for 
such a relationship is the finding here that the 
correlation between these two factors is highly 
significant (R = + 0.923, p < 0.001). 

Glomerular filtration rate. As previously noted, 
Cargill and Hickam (2) reported a positive cor- 
relation between the total oxygen consumption of 
the kidney and the glomerular filtration rate. On 
the surface, such findings pose the problem as to 
why oxygen consumption should be related to 
a function whose primary energy source is that 
of the net hydrostatic pressure of the blood. 
However, recent evidence by Dubach and Recant 
(14) lend support to such a relationship, since 
their in vitro investigations of individual glo- 
meruli attribute important oxidative functions to 
this structure. The present data are also in ac- 
cord with the concept that total oxygen consump- 
tion is related to glomerular activity, since the 
correlation coefficient between these two functions, 
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utilizing all of the patients in the five groups, was 
R= + 0.955 (p < 0.001). 

In view of the highly significant correlation co- 
efficients for both GFR and Tmpay as related to 
TQo, it appears that one explanation for such data 
is that, in renal disease, there is a symmetrical 
destruction of both glomeruli and tubules and 
that associated with the loss of such nephrons 
there is a proportionate reduction in TQo.. Such 
a statement would be in agreement with the find- 
ings of Bricker, Morrin and Kime in unilaterally 
induced renal disease in dogs, which appear to 
demonstrate proportionate declines in glomeruli 
and tubules (15). An alternative explanation 
would be that suggested by Cargill and Hickam 
(2), that tubular activity is largely governed by 
the quantity of glomerular filtrate and thus a 
close correlation between GFR, Tmpay and TQo. 
might be expected. 

Finally, the unexpected findings of the increased 
TQo./Tmpan and TQo./GFR and the significant 
decreases in Tmpan/Rywt in patients with diabetic 
nephropathy and chronic pyelonephritis, as well 
as the decreased GFR/Tmpan in essential hyper- 
No definitive ex- 
planation is forthcoming for any of these results. 


tension, must be considered. 


However, in the case of the increased TQo./ 
Tmpan and TQ9,/GFR in patients with diabetic 
nephropathy and chronic pyelonephritis, these 
changes do not appear to be due to: a) the dia- 
betic state per se, since they occurred in patients 
without diabetes (e.g., chronic pyelonephritis and 
Patient P.M. with glomerulonephritis); >) the 
presence of insulin and/or the glucose-equivalent 
breakfast, since a control diabetic patient (Table 
III, no. 1) and a nondiabetic patient (no. 2) given 
a “glucose-insulin” tolerance test did not show 
elevations of these ratios; c) the oxygen consump- 
tion of nonexcretory renal tissue (e.g., scar tis- 
sue), since the Qo, of such tissue is lower than 
that of excretory renal tissue (16). In view of the 
significant decreases in Qo, per 100 g per min- 
ute associated with the increased TQo,/Tmpan 
and TQo./GFR, one can only speculate that the 
latter findings may be related to the fact that a 
total quantity (oxygen) was related to only a 
part (Tmpan and/or GFR) of the total metabo- 
lizing tissue of the kidney (Tmpay and/or GFR 
plus scar and exudative tissue). In a similar 
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fashion, one can only hypothesize that the signifi- 
cant depression in Tmpan/Ryt, in these cases, may 
be due to the fact that a significant portion of the 
kidney weight was composed of nonexcretory re- 
nal tissue (scar tissue). If so, the ratio Tmpan/ 
Rw may serve as an index of renal “scarring.” 

The observation of a significant decrease in 
GFR/Tmpan in patients with essential hyper- 
tension has not been the usual finding in other 
series (4). Such data may be fortuitous, since the 
number of patients was small and the significance 
was borderline (p< 0.05). However, a recent 
report by Baldwin and associates (17) in patients 
with essential hypertension revealed a decline in 
the GFR/Tmpan in the majority of the cases. 
Furthermore, White, Sambhi and Grollman have 
reported such findings in experimentally induced 
hypertension in rats (18). 


SUMMARY AND CONCLUSIONS 


1. A number of observations was made in in- 
dividuals with “normal” and diseased kidneys in 
an effort to determine whether any single func- 
tional component [total renal blood flow (TRBF), 
glomerular filtration rate (GFR), “tubular func- 
tional mass” (Tmpan)]| was a primary contribu- 
tor to the total oxygen consumed per two kid- 
neys per minute (TQo,). None could be found. 

2. Since in certain disease categories (diabetic 
nephropathy and chronic pyelonephritis) TQo./ 
Tmpan or TQo,/GFR was increased, while at the 
same time TQo, and renal oxygen consumption 
per 100 g per minute (Qo,) were decreased, it is 
suggested that in future studies TQo, be consid- 
ered alone or, if a base reference is desired, that 
renal oxygen consumption be determined in terms 
of Oo, per 100 g per minute. 

3. Tmpan/Rwt was significantly reduced in pa- 
tients with chronic pyelonephritis and diabetic 
nephropathy, while the GFR/Tmpan was reduced 
in essential hypertension. No definitive explana- 
tion is forthcoming for such findings. 
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Since nearly all of the hydroxyproline of the 
body is found in collagen, it has been suggested 
(1, 2) that the urinary excretion of this imino 
acid may be an important index of collagen me- 
tabolism. The origin of urinary hydroxyproline, 
however, is not definitely established. The iso- 
topic studies of Stetten (3) in rats indirectly sug- 
gested that most of the free and peptide hydroxy- 
proline in the body arises from the breakdown of 
collagen, since she found that hydroxyproline-N*® 
was not significantly incorporated into collagen. 
Ziff, Kibrick, Dresner and Gribetz (1), on the 
other hand, observed an increased excretion of 
hydroxyproline when it was added to the diet of 
human subjects, in the form of gelatin. Although 
Ziff and co-workers did not emphasize this point, 
their results suggested the possibility that under 
normal conditions much of urinary hydroxypro- 
line may originate from dietary proteins. 

The present study was undertaken to investi- 
gate further the factors that influence hydroxy- 
proline excretion in man. Although ingestion of 
large amounts of gelatin was found to increase 
urinary hydroxyproline, its urinary excretion did 
not decrease when hydroxyproline was eliminated 
from the normal diet, or even if subjects were 
placed on a protein-free diet. No diurnal varia- 
tion in urinary hydroxyproline was found, and 
hydration or dehydration did not alter excretion. 
Ingestion of large amounts of hydroxyproline as 
the free imino acid resulted in an increased excre- 
tion of free, but not of bound hydroxyproline, the 
peptide form which normally accounts for nearly 
all of the hydroxyproline in urine. 

These findings indicate that the daily excretion 
of hydroxyproline is largely independent of fac- 
tors that influence the excretion of other amino 
acids, and they support the suggestion that urinary 
hydroxyproline arises from the breakdown of 
body collagen. The results are consistent with 
the hypothesis that the large hydroxyproline ex- 
cretions found in children (1) and in some cases 
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of Marfan’s syndrome (2) reflect a rapid rate of 
collagen degradation. 

An incidental discovery in the study was that 
the increase in urinary hydroxyproline after in- 
gestion of gelatin represents an increased excre- 
tion of hydroxyproline peptides. This appears to 
be the first demonstration that significant amounts 
of peptides can be excreted following ingestion of 
a protein. 


MATERIALS AND METHODS 


The 8 subjects utilized in the study were hospitalized 
for periods of 3 to 12 weeks; 3 were patients with Mar- 
fan’s syndrome, 2 of whom were previously shown to 
have elevated excretions of hydroxyproline (2). The 
remaining 5 were normal adult volunteers—2 males and 
3 females. 

Procedures. Urine specimens were collected daily 
under 30 ml toluene and stored at 0° C for periods up to 
1 year. It was found that, in the absence of preserva- 
tive, hydroxyproline was converted from the peptide- 
bound to the free form in normal urine, and that hy- 
droxyproline disappeared rapidly in urines containing 
large amounts of the free imino acid. For the first 5 
days after admission, the subjects were placed on an ad 
lib. diet, but thereafter they were maintained on a diet 
low in hydroxyproline. In some subjects, after 3 weeks 
had elapsed on this diet, oral supplements of various 
amino acids and proteins were administered on alternate 
days. Urine from the previous day was used as a con- 
trol in each case. Each dietary supplement was given in 
250 ml of orange juice at the beginning of a urine collec- 
tion period, and the subjects were kept in a fasting state 
for 8 hours before and 4 hours after each administra- 
tion. In a few instances the unpleasant taste of the sup- 
plements necessitated administration by gastric tube. 

Diets and dietary supplements. The low hydroxypro- 
line diet was similar to the one described by Ziff and 
associates (1) and provided 1,800 to 2,300 calories per 
day with 70 to 90 ¢g protein, 200 to 300 g carbohydrate 
and 80 to 90 g fat, but no gelatin-containing foods such 
as meat, fish, Jell-o, soft candy or ice cream. It was 
estimated to contain less than 100 mg hydroxyproline per 
day. The low protein diet was prepared daily by mixing 
150 g of sucrose and 150 g of melted butter into 300 ml 
of warm water and then adding the mixture to a thin 
paste made from 20 g of flour and water. Since the 
flour was the only nitrogen-containing constituent, and 
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since flour contains negligible amounts of hydroxypro- 
line (4), the diet was essentially free of hydroxyproline. 
It provided 1,750 calories per day distributed as 120 g 
fat, 165 g carbohydrate and 3 g protein. 

The various amino acids were purchased from Nutri- 
tional Biochemicals Corp. All were L isomers except that 
pt forms of serine, threonine and valine were used in 
preparation of the mixture of amino acids found in gela- 

The gelatin was obtained from a commercial 
The casein hydrolysate (Casamino Acids) was 


tin (5). 
source, 
from Difco Laboratories, and analysis showed that it 
contained less than 0.04 per cent hydroxyproline. 

Urinary assays. Initially, urinary hydroxyproline was 
measured by the method of Mitoma and co-workers (6), 
but subsequent determinations were by a new procedure 
described elsewhere (7). From 0.1 to 4 ml of untreated 
urine containing 5 to 50 wg of hydroxyproline was used 
to measure free hydroxyproline. An equivalent amount 
of hydrolyzed urine was used to determine total hydroxy- 
proline, which was considered to be the sum of free and 
peptide-bound hydroxyproline. 

Urinary total nitrogen was measured by a _ micro- 
Kjeldahl method (8), and a-amino nitrogen by the 
method of Troll and Cannan (9). 


RESULTS 


The normal subjects on the study excreted from 
16 to 34 mg of hydroxyproline per day, and the 
three patients with Marfan’s syndrome excreted 
from 38 to 90 mg per day when on an ad lib. diet 
(Table 1). In agreement with the results of Ziff 
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and colleagues (1), the free hydroxyproline was 
less than 3 per cent of the total excretion and in 
most instances was too small to measure accu- 
rately (less than 0.5 pg per ml of urine). 

Effect of restricting dietary hydroxyproline and 
total protein intake. After 5 days on an ad lib. 
diet, three normal subjects and three patients with 
Marfan’s syndrome were placed on the low hy- 
droxyproline diet for periods of 3 to 6 weeks. At 
the end of this time there was no significant change 
in their hydroxyproline excretions (Table I). 
The moderate increase in the case of K.L. may be 
related to a weight loss of 3 kg sustained over the 
3 week period (10); he found the low hydroxy- 
proline diet unpalatable. Similarly, the decrease 
of hydroxyproline excretion in the case of G.H. 
may be related to a weight gain of 4 kg over the 
3 week period. 

Four of the subjects from this group were 
placed on the low protein diet for 3 days after 
completing 3 to 6 weeks on the low hydroxypro- 
line diet. There was no further change in their 
hydroxyproline excretions (Table I, column 3). 
Two normal subjects (A.F. and R.A.) were 
placed on the low protein diet after 3 weeks’ ob- 
servation on ad lib. diet. As shown in Table IT, 
the hydroxyproline excretion remained constant 


TABLE I 


Failure of low hydroxyproline diet and low protein diet to decrease hydroxyproline excretion * 


Low hydroxyproline 


Ad lib. diet diet 3-6 weeks Low protein diet 3 days 
Free Bound Free Bound Free Bound 
Subject hydroxy. hydroxy. hydroxy. hydroxy. hydroxy. hydroxy. 
mg/day mg,day mg/day 
J.R. <1.0 27 <1.0 30 <1.0 
(23-31)t (24-36) (28-42) 
KL. <1.0 32 <1.0 46 <1.0 46 
(30-34) (44-51) (43-48) 
G.H. <1.0 21 <1.0 16 <1.0 14 
(16-29) (13-22) (13-15) 
R.F.f <1.0 62 <1.0 61 <1.0 64 
(46-88) (42-92) (59-69) 
R.B.t <1.0 39 <1.0 38 
(38-40) (33-43) 
B.F.f <1.0 77 <1.0 79 
(63-91) (75-84) 


Values for free and bound hydroxyproline are means of five 24-hour excretions on the ad lib. or low hydroxyproline 
diet and the means of three 24-hour excretions on the low protein diet. 
+ Figures in parentheses are the range of bound hydroxyproline excretions, 
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TABLE II 


Total hydroxy. 


mg/day 


Ad lib. 


Low hydroxy- 
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even though the low protein diet produced a de- 
crease in the excretion of both urinary total ni- 
trogen and a-amino nitrogen. 

Diurnal pattern of hydroxyproline excretion. 
To investigate any possible diurnal variations in 
the rate of hydroxyproline excretion, urine was 
collected by 6-hour periods on 2 consecutive days 
from two normal subjects and one patient with 
Marfan’s syndrome, while all three subjects were 
on the low hydroxyproline diet (Table III). 
There was no consistent pattern in the amount of 
hydroxyproline excreted, and there were no ap- 
parent changes with daytime activities or with 
meals (served at 8 a.m., 1 p.m, and 5 p.m.). 

Effect of hydration and dehydration, To de- 
termine the influence of moderate water diuresis 
on the renal excretion of hydroxyproline, two 
normal subjects were placed on the low hydroxy- 
proline diet and their urine collected from 8 a.m. 
to 4+ p.m. for 9 consecutive days. On 3 control 
days the subjects were allowed free access to wa- 
ter. During 3 days of hydration they were given 
an additional 500 ml water at midnight, 500 ml at 


TABLE III 


Diurnal pattern of hydroxyproline 
excretion (mg/6 hours) 


12 mid.- 


12 m.- 
6 p.m. 


6 p.m.- 


Total nitrogen 


a-Amino nitrogen 


WwW 


NSB 


the start of the collection, and 500 ml at 12 noon. 
On the final 3 days of the study the daily total fluid 
intake was limited to 500 ml. As shown in 
Table IV, there was no consistent change in hy- 
droxyproline excretion with threefold changes in 
urine volumes. 

Effect of hydroxyproline and gelatin ingestion. 
Ziff and associates (1) found that no increase in 
total urinary hydroxyproline occurred when the 
low hydroxyproline diet was supplemented with 
4 g of hydroxy-t-proline. However, a four- to 
fivefold increase was observed when gelatin con- 
taining an equivalent amount of hydroxyproline 
was administered. 

In repeating the experiments, we were also un- 
able to demonstrate any significant increase in total 
urinary hydroxyproline after administration of 4 
g of hydroxy-t-proline (Figure 1). There was, 
however, a significant increase in free hydroxy- 
proline (from less than 1 mg per day to 5 to 16 
mg) in four subjects tested. A fifth subject, K.L. 
(Figure 2) showed no change. When the diet 
was supplemented with 12 g of hydroxy-t-proline, 
there were dramatic increases in the urinary free 
hydroxyproline in all eight subjects tested; the 
increases shown in Figure 1 are typical. It is im- 
portant to note that, within the limits of the 
analyses, there were no changes in the excretion 
of bound hydroxyproline. Furthermore, there 
was no increase in bound hydroxyproline when 
the same subjects were given a synthetic mixture 
of the amino acids found in gelatin (Figure 1, 
column 4). In contrast, when 28 g of gelatin 
(containing 4 g of hydroxyproline) was given, 
the increase in urinary hydroxyproline was al- 


845 
a ¥ Effect of low protein diet on hydroxyproline, total nitrogen, and a-amino nitrogen excretion foe. 
Diet J.B. R.A. J.B. R.A. J.B. R.A. 
32.7 6.51 14.88 1.11 
27.1 8.96 13.38 2.25 
29.2 9.35 14.65 1.48 
oe 33.1 6.58 10.56 2.16 
ae 26.2 6.22 11.93 2.07 
39.9 10.24 11.80 
2 26.1 5.16 8.88 1.08 
2 29.0 4.43 5.33 1.09 
pi 2 $1;3 3.86 4.67 0.47 aa 

12 | 12 mid. 6 a.m. 
AF, 10.6 6.7 8.4 8.2 
10.0 12.9 7.4 4.8 

R.A. 8.5 5.8 12.2 7.1 
7.9 14.7 7.0 7.8 
R.F.* 19.7 16.6 22.2 22.0 
17.1 17.8 33.6 19.3 

* Marfan’s syndrome. 
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TABLE IV 


Failure of hydration and dehydration to influence 
hydroxyproline excretion (see text) 


Subject J.B. 


Subject A.F. 
Urine 
vol 


Urine 


Period vol Hydroxy. Hydroxy. 


ml mg/8 hrs mg/8 hrs 
985 
620 

1,000 


Control 


1,470 
1,560 
1,620 


Hydration 


250 
500 
490 


Dehydration 


most entirely in the peptide-bound fraction (Fig- 
ure 1, column 5). Five g of gelatin did not change 
free or bound hydroxyproline in the same sub- 
jects. Two normal subjects (J. B. and G. H.) 
were given 100 g of gelatin in a single dose. 
Their free hydroxyproline excretion rose from 
less than 1 mg per day to 200 and 300 mg, re- 
spectively. Simultaneously, their bound hydroxy- 


600 


proline rose from mean values of 25 and 39 mg 
to 356 and 427 mg. 

Throughout this study there was no consistent 
difference between the response of normal sub- 
jects and patients with Marfan’s syndrome to the 
feeding of gelatin or free hydroxyproline. 

Effect of other amino acids on excretion of 
hydroxyproline. In examining the results shown 
in Figure 1, it is seen that more free hydroxypro- 
line was excreted by all four subjects when 4 g 
of hydroxy-t-proline was given with a mixture of 
the amino acids found in gelatin than when 4 g of 
hydroxy-L-proline was ingested alone. To ex- 
plore the significance of this finding, hydroxy-L- 
proline was given to four subjects with hydrolyzed 
casein and with individual amino acids (Figure 
2). All four excreted more hydroxyproline when 
the imino acid was given with the hydrolyzed 
casein than when it was administered alone, but 
the change in one instance (K.L.) was small. 
When hydroxyproline was given with proline or 
glutamic acid, a similar increase in the amount ex- 
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found in gelatin (5). 


EFFECT OF HYDROXYPROLINE AND GELATIN INGESTION ON THE EXCRETION OF FREE AND 
“Gelatin amino acids” was a prepared mixture of the amino acids 
Patients R.B. and R.F. had Marfan’s syndrome. 


846 
9.5 1,580 10.5 
12.5 1/390 8.7 
11.5 380 10.5 
10.2 410 12.5 
9.2 475 7.7 
“a 
y 
250 
200 
Bt 
1H HE 
F 


URINARY HYDROXYPROLINE 


FREE HYDROXYPROLINE IN URINE Mg./24 HOURS —» 


as 


SUBJECT |] KL. JRARBREIKL. JR RB RE. 


KL. JR JRRB REIKL JR RB RE 


HYDROXY- 
PROLINE 4Gm. 


DIE TARY 
SUPPLEMENT 


ICASAMINO ACIDS! 
28 Gm. 


CASAMINO ACIDS/PROLINE 8Gm. 
286m. & 


PROLINE 4Gm. 


GLUTAMIC ACIO 

20Gm. & 
HYDROX Y- 
PROLINE 4Gm 


& HYDROXY- 


HYDROXY- |PROLINE 4Gm 
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had Marfan’s syndrome. 


creted occurred in three of the four subjects (Fig- 
ure 2). The administration of proline, glutamic 
acid or hydrolyzed casein alone did not alter hy- 
droxyproline excretion. 


DISCUSSION 


Currently available evidence indicates that 
bound hydroxyproline, the form which predomi- 
nates in human urine, consists of hydroxyproline 
peptides. Westall (11) described a peptide in 
human urine containing equal amounts of proline 
and hydroxyproline, and Mechanic, Skupp, Safier 
and Kibrick (12) recently determined the amino 
acid composition of two hydroxyproline peptides 
in the urine of a patient with rheumatoid ar- 
thritis. 

Since collagen contains nearly all of the hy- 
droxyproline in the body, the hydroxyproline 
found in urine could arise from three possible 
sources: from dietary hydroxyproline, from pre- 
cursors involved in the synthesis of collagen, or 


Patients R.B. and R.F. 


from peptides released by the breakdown of col- 
lagen. 

Although ingestion of large amounts of gela- 
tin results in increased hydroxyproline excretion 
(1), dietary hydroxyproline is not an important 


source of urinary hydroxyproline. Ziff and as- 
sociates (1) found that patients on diets contain- 
ing less than 100 mg of hydroxyproline excreted 
20 to 40 mg of the imino acid per day. Similarly, 
it was found here (Table I) that there was no sig- 
nificant decrease in urinary hydroxyproline as 
subjects were changed from a normal to a low 
hydroxyproline diet, and finally to a diet that 
was virtually free of hydroxyproline. 

At the present time there is little evidence to 
suggest that urinary hydroxyproline comes from 
hydroxyproline peptides which are precursors in 
collagen synthesis. Ziff and associates (1) con- 
sidered the possibility that the increased excretion 
of hydroxyproline peptides in children is the re- 
sult of an increased pool of hydroxyproline pep- 
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tide “available for collagen synthesis.” According 
to current concepts, however, exchangeable pools 
of peptides do not play an important role in pro- 
tein synthesis, and the synthesis of hydroxy- 
proline peptides has not yet been demonstrated. 
The failure of the low protein diet to decrease 
hydroxyproline excretion (Tables I and II) also 
makes it unlikely that urinary hydroxyproline pep- 
tides represent collagen precursors. The sub- 
jects on the low protein diet received less than 0.5 
g of nitrogen per day and were in negative ni- 
trogen balance even though their caloric intake 
was normal. Under these conditions there is a 
general decrease of protein synthesis (13), and 
one would expect a decrease of hydroxyproline 
excretion if urinary hydroxyproline arises from 
pools of collagen precursors, 

The results presented here therefore support 
the hypothesis that urinary hydroxyproline arises 
primarily from the breakdown of body collagen. 
It is of interest that the composition of the pep- 
tides studied by Mechanic and co-workers (12) is 
not consistent with the known amino acid se- 
quences of collagen (14). The reason for this is 
not clear, and a full explanation will probably 


have to wait for a complete understanding of the 


structure of collagen. The peptides may be al- 
tered after release from collagen, or possibly may 
represent ester-bonded fragments which result 
from transverse cleavage of the 3-stranded helical 
structure postulated for collagen (15, 16). 

If it is accepted that urinary hydroxyproline 
arises primarily from body collagen, then at least 
three factors might be expected to influence the 
amount of hydroxyproline excreted: the rate of 
plasma clearance by the kidneys, the rate at which 
hydroxyproline peptides are degraded further to 
carbon dioxide and urea, and the rate of collagen 
breakdown. 

There is no evidence to suggest that variations 
in renal clearance are important in determining 
the amount of hydroxyproline excreted. Children 
excrete three to five times as much hydroxypro- 
line as do adults, even though total amino acid 
excretion is less in children (1). Similarly, some 
patients with Marfan’s syndrome excrete three 
to four times as much hydroxyproline as do con- 
trols, but their total amino acid excretion is nor- 
mal (2). 


was potentiated by the simultaneous feeding of 


The excretion of free hydroxyproline 
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proline or glutamic acid (Figure 2), probably be- 
cause of competition for the same reabsorption 
mechanism in the renal tubules. Kamin and 
Handler (17) reported similar results with the 
infusion of other amino acids in dogs. There may 
be other explanations for our results here, but 
at any rate the large amounts of amino acids nec- 
essary to demonstrate the effect make it unlikely 
that this mechanism normally has much influence 
on urinary hydroxyproline. It was not possible to 
test directly for any effect which other peptides 
may have on the excretion of bound hydroxypro- 
line, but it was shown that endogenous hydroxy- 
proline excretion was not increased following 
meals (Table III) and that the excretion of hy- 
droxyproline was not related to the rate of urine 
formation (Table IV). 

At the moment it is impossible to estimate the 
degree to which hydroxyproline peptides from 
collagen breakdown are metabolized to carbon di- 
oxide and urea. Although these are the major 
products from the degradation of other proteins 
(18), several observations suggest that the degra- 
dation of collagen hydroxyproline is not complete. 
The studies of Stetten and Schoenheimer (19) 
indicate that hydroxyproline does not share in the 
same “dynamic equilibrium” as other amino acids. 
The results with the low protein diet (Table II) 
support this conclusion and show that hydroxy- 
proline excretion is not influenced by the same 
factors that influence the excretion of other amino 
acids. Since it has been shown that only minimal 
amounts of peptides are absorbed during protein 
digestion (20), the increase of bound hydroxy- 
proline excretion after the ingestion of gelatin 
(Figure 1) raises the possibility that all of the hy- 
droxyproline peptides absorbed were excreted 
in the urine. 
altered before excretion (12), but the results sug- 
gest that they are metabolized slowly, if at all. 


These exogenous peptides may be 


The same may be true for endogenous ones, but 
the situation may vary in different tissues (21). 

If a relatively small part of the hydroxyproline 
from colfAgen degradation is metabolized to car- 
bon dioxide and urea, then hydroxyproline excre- 
tion should be directly related to the rate of col- 
lagen breakdown. Studies on collagen metabolism 
in animals are consistent with this hypothesis, 
since hydroxyproline excretion decreases with age 
(1) and the turnover rate of collagen is much 
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slower in old animals than in young (22). As dis- 
cussed by Ziff and associates (1), these differ- 
ences may be related to the decrease of the various 
soluble collagens in old animals (23) and suggest 
that the amount of hydroxyproline found in urine 
directly reflects the proportion of body collagen in 
a soluble form. The increased hydroxyproline 
excretion in some cases of Marfan’s syndrome 
may therefore indicate increased amounts of sol- 
uble collagen and a rapid rate of collagen break- 
down in this condition. We are currently under- 
taking experiments to test this hypothesis further. 


SUMMARY 


Several factors that might affect the urinary ex- 
cretion of hydroxyproline were studied in five 
normal subjects and in three patients with Mar- 
fan’s syndrome. 

Urinary excretion of hydroxyproline did not 
decrease when subjects were changed from a 
normal to a low hydroxyproline diet, or to an 
isocaloric low protein diet. No diurnal variation 
in urinary hydroxyproline was found, and hy- 
dration or dehydration did not alter excretion. 

Ingestion of hydroxyproline as the free imino 
acid resulted in an increased excretion of free hy- 
droxyproline, but no change in the excretion of 
bound hydroxyproline, the peptide form which 
normally accounts for nearly all of the hydroxy- 
proline in urine. Ingestion of large amounts of 
hydroxyproline in the form of gelatin, however, 
increased the excretion of hydroxyproline pep- 
tides. 

The findings suggest that the bound hydroxy- 
proline normally found in urine arises from col- 
lagen breakdown and that the amount excreted 
is an index of the rate of degradation of this pro- 
tein. 
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Creatinuria, diminished urinary creatinine ex- 
cretion and low concentrations of creatine in skele- 
tal muscle are characteristic findings in progressive 
muscular dystrophy in man (1). These abnor- 
malities of creatine metabolism are sometimes 
thought to be nonspecific changes secondary to a 
smaller muscle mass (2), but this has not been 
proven; and, because of the probable importance 
of phosphocreatine to energy metabolism in skele- 
tal muscle (3), it is possible that an abnormality 
of creatine metabolism would contribute to the 
weakness if not to the actual damage of muscle 
fibers in muscular dystrophy. It is therefore im- 
portant to establish the nature of the defect in 
creatine metabolism in muscular dystrophy. 

Since the hereditary myopathy of mice de- 
scribed by Michelson, Russell and Harman (4) 
resembles progressive muscular dystrophy, an in- 
vestigation of creatine metabolism in these mice 
was undertaken. It was found that the muscle 
creatine of the dystrophic mouse has a shortened 
turnover time’ which suggests that the low con- 
centration of creatine in the skeletal muscle in this 
condition is due to an impaired ability to retain 
creatine. 

METHODS 

Strain 129 dystrophic mice and their normal litter 

mates, approximately 8 weeks of age and of both sexes, 


were obtained from the Roscoe B. Jackson Memorial 
Laboratory. They were given a purified diet consisting 


* Supported by Research Grant A-3615 from the Na- 
tional Institutes of Health and by a grant from the 
Muscular Dystrophy Associations of America, Inc. This 
paper presented (in part) at the Annual Meeting of the 
Midwestern Section of the American Federation for 
Clinical Research, Chicago, November 3, 1960. 

+ This study conducted during tenure of a Russell M. 
Wilder-National Vitamin Foundation Fellowship. 

Work done as a Summer Fellow, Cardiovascular 
Undergraduate Training Grant HT-5016, from the Na- 
tional Institutes of Health. 

1 The definition of this and other related terms may be 
found in the paper by Zilversmit (5). 


of casein,? 30 g; sucrose, 59 g; hydrogenated vegetable 
fat (Crisco), 3 g; cod liver oil, 3 g; salt mixture (6), 
5 g; choline chloride, 100 mg; pL-a-tocopheryl acetate, 
15 mg; thiamine hydrochloride, 1 mg; riboflavin, 1 mg; 
nicotinamide, 4 mg; inositol, 20 mg; calcium pantothenate 
2 mg; pyridoxine hydrochloride, 1 mg; biotin, 10 yg; 
2-methyl-1,4-naphthoquinone, 25 wg; and vitamin B,,, 1 
vg. Food and water were given ad lib. except during the 
collection of urine when food was withheld. Twenty-four- 
hour urine samples were collected under toluene by plac- 
ing individual animals in small wire cages over glass 
funnels designed to minimize the mixing of urine and 
feces. Urine was not collected more often than at 2-day 
intervals. At least 3 urine obtained 
from each animal, and creatine and creatinine were de- 
termined in appropriate aliquots of the urine by minor 
modifications of the Folin method (7). 

After the animals had received the purified diet for 
approximately 1 month, each of 6 dystrophic mice and 6 
of their normal litter mates was given an intraperitoneal 
injection of 1 we (0.5 we per wmole) of creatine-1-C™ 
per 25 g of body weight. Fifteen and 30 minutes after 
injection, 0.01-ml samples of blood were taken from a 
tail vein for C“ assay. Four animals from each group 
were killed 30 minutes after the injection, and 2 animals 
from each group were killed 38 days after the injection. 
One normal mouse (no. 6) was given an intraperitoneal 
injection of 1 ue of the creatine-1-C™ when it weighed 
30 g, and it was not killed until 47 days after the in- 
jection. The concentration and specific activity of skele- 
tal muscle creatine were determined by slight modifications 
of previously described methods (8, 9). Similar methods 
were used to measure heart creatine concentration and 
specific activity, but it was usually necessary to pool two 
hearts to obtain sufficient tissue for analysis. The ma- 
jor portion of the radioactive creatine was assumed to 
be intracellular. No corrections were made for the 
small amount of labeled creatine that may have been 
extracellular. 

At intervals of 2 or more days, individual 24-hour 
urine collections were obtained from the mice that were 
kept 38 days or longer following creatine-1-C™ injection. 
Creatinine was separated from creatine by adjusting the 
24-hour urine collection to pH 4 and mixing with Lloyd’s 
reagent to adsorb creatinine. After washing the Lloyd’s 
reagent three times with 5-ml portions of 0.01 N HCl, 


collections were 


2 Vitamin-free casein purchased from Nutritional Bio- 
chemicals Corp., Cleveland, Ohio. 
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the creatinine was removed by washing twice with 3-ml 
portions of 0.5 N NaOH. The sodium hydroxide wash- 
ings were acidified, and the specific activity of the creati- 
nine was obtained by measuring its concentration and 
isolating creatinine zinc chloride after addition of car- 
rier creatinine (9). This method eliminated over 99 per 
cent of creatine-1-C* added to urine samples containing 
unlabeled creatine and creatinine. 

In order to obtain adequate urine for the determination 
of the specific activity of both creatine and creatinine it 
was necessary to pool three 24-hour urine collections from 
each mouse. Three urine collections, obtained during 
the last week before the animals were killed, were pooled 
and aliquots were taken for creatine and creatinine de- 
termination and for isolation of creatinine. Another ali- 
quot of the pooled urine samples was made approximately 
1 N by adding concentrated HCl and heated in an auto- 
clave at 118° C for 45 minutes. This procedure converted 
creatine to creatinine. The specific activity of the creati- 
nine isolated from the autoclaved urine represented the 
average of the creatinine and creatine. Since the con- 
centrations of creatine and creatinine and the specific ac- 
tivity of creatinine had been determined for the pooled 
urine samples, it was possible to calculate the specific ac- 
tivity of creatine. 

All creatinine zinc chloride samples were counted in 
metal planchets with an ultra-thin window continuous gas- 
flow Geiger tube, and the observed counts were cor- 
rected to infinite thinness. The blood samples were 
mixed with 1 ml of a 1:1 mixture of acetone and water, 
dried in metal planchets and counted with an _ end- 
window Geiger tube. Therefore, the actual counts ob- 
tained with blood samples and creatinine zinc chloride 
samples are not comparable. 


RESULTS 


Both groups of animals continued to gain weight 
slowly on the purified diet, as is shown in Table 
I. The dystrophic mice weighed only about 65 
per cent as much as their normal litter mates but, 
since all the animals gained weight throughout the 
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TABLE 


Effects of muscular dystrophy on creatine storage and excretion in mice 


TABLE I 
Weight changes in normal and dystrophic mice 


Weight 


Age Normal Dystrophic 
days 

67 21.0 15.0 
77 23.7 15.4 
85 24.6 15.3 
97 24.9 15.9 
104 25.3 16.4 
135” 26.6 


* Only 2 animals remained in each group at this time. 
The other weights are the averages of 4 to 6 animals. 


experiment, it is apparent that involvement of the 
jaw muscles by the myopathy did not induce se- 
vere starvation. 

The combined urinary excretion of creatine and 
creatinine (Table II) was similar in the two 
groups, although the dystrophic mice weighed less. 
The amount of creatinine excreted per gram of 
body weight was also similar in the two groups of 
animals, but the urinary creatine to creatinine ra- 
tio was higher in the dystrophic mice. The con- 
centration of creatine was reduced in the skeletal 
muscle but not in cardiac muscle of the dystrophic 
mice. These observations agree in general with 
the report of Kandutsch and Russell (11) but 
differ somewhat with the findings of Perkoff and 
Tyler (12) who reported a very low urinary ex- 
cretion of creatinine by the dystrophic mouse. 

The specific activities of creatine of some of the 
tissues following creatine-1-C'* injection are given 
in Table III. The radioactivity present in the 
blood at 15 and 30 minutes following injection in- 
dicates that both groups of animals received simi- 
lar doses of creatine-1-C’* and that the peak of 


II 


Measurement Normal Dystrophic p* 
Urinary creatinet + creatinine 599 [6 ]t 649 [5] >0.5 
(ug /day) 
Urinary creatinine (ug/day/g 13.0[6] 14.1 [5] >0.2 
body wt) 
Urinary creatine/creatinine 1.15 [6] 2.26 [5] <0.01 
Skeietal muscle creatine (mg/g) 3.25 [7] 2.14 [6] <0.001 
Heart creatine (mg/g) 1.38 [7] 1.20 [6] >.04 


* Probability that the differences observed between normal and dystrophic mice are due to chance (10). 


+ Creatine concentrations are expressed as creatinine. 


t Numbers in brackets indicate the number of animals used. 
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TABLE III 


of creatine-1-C into various tissues of the mouse 


Time after 
injection of 


Measurement creatine-C'* 


Skeletal muscle creatine 30 min 
(cpm/pmole) 

Skeletal muscle creatine 38 days 
(cpm/pmole ) 

Heart creatine 30 min 
(cpm/yumole ) 

Heart creatine 38 days 

(cpm/pmole) 


Blood creatine 15 min 


(cpm/ml blood) 


Blood creatine 30 min 


(cpm/ml blood) 
*See footnotes (*f) to Table II. 


radioactivity in the blood had been reached earlier 
than 30 minutes after injection. The specific ac- 
tivity of skeletal muscle creatine in the dystrophic 
mice was higher than normal 30 minutes after 
injection and lower than normal 38 days after in- 
jection. This indicates that the turnover time of 
muscle creatine is shorter in the dystrophic mouse. 
In both groups of animals the specific activity of 
heart creatine 30 minutes after injection was about 
seven times that of skeletal muscle. The reduced 
turnover time of heart creatine was confirmed by 
finding specific activities lower than that of skele- 
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*— NORMAL MICE 
o—DYSTROPHIC MICE 


LOG CPM PER yw MOLE CREATININE 


° 


10 20 30 38 
DAYS 


Fic. 1. Rapioactivity OF URINARY CREATININE. Cre- 
atinine was separated from creatine by using Lloyd’s re- 
agent. The creatinine was then isolated for counting as 
creatinine zinc chloride by a carrier procedure. There 
were two female mice in each group. 
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tal muscle 38 days after injection of labeled crea- 
tine. 

The logarithm of the specific activity of urinary 
creatinine is plotted against time in Figure 1. It 
is apparent that the specific activity of the urinary 
creatinine is diminishing much more rapidly in 
the dystrophic mice than in their normal litter 
mates. In both groups of animals the curve is 
not a straight line until about 10 days following 
the injection of labeled creatine. If the straight 
portion of the curve is used to estimate the half- 
life of body creatine, half-lives of 20 and 11 days 
are obtained for the normal and dystrophic mice, 
respectively. 

In Table IV the specific activity of creatinine in 
the urine collected on the day the animals were 
killed is compared with the specific activity of the 


TABLE IV 


Muscle creatine and urinary creatinine 
Specific activities * 


Muscle 
creatine 


Urinary 


Animal Condition creatininet 


| 
| 
| 


Normal 
Normal 
Normal 
Dystrophic 
Dystrophic 


++ 


* Counts per minute per umole of creatine. 

t The urine was collected during the last 24 hours before 
the animals were killed. 

t Animals having the same number are litter mates. 

§ This mouse was killed 47 days following injection of 
creatine-C; the other animals were killed 38 days after 
injection. 
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TABLE V 


Urinary creatine and creatinine specific activity * 


Animal Condition Creatine Creatinine 
2 Normal 296 415 
5 Normal 355 421 
6 Normal 238 378 
2 Dystrophic 95 249 
5 122 252 


* Counts per minute per umole of « creatine. Data were 
obtained from urine collected during the week before the 
mice were killed. No. 6 was killed 47 days after injection 

‘ of creatine-C, The other animals were killed 38 days 
after injection. 


skeletal muscle creatine from the same animal. 
The urinary creatinine in every case has a con- 
siderably lower specific activity than has the 
skeletal muscle creatine. It is not likely that this 
is due to the transformation of relatively large 
quantities of unlabeled creatine to creatinine while 
the urine was being collected, since the urinary 
creatine had an appreciable specific activity (Table 
\V) a short time before the animals were killed. 


DISCUSSION 


Since most of the creatine of the body is located 

within skeletal muscle and since there is no evi- 

dence for enzymatic formation of creatinine (13, 

14), it is commonly assumed that urinary creati- 

nine has its origin largely in skeletal muscle. 

However, some of the data from the present ex- 

periment indicate that this is not a valid assump- 

tion for the mouse. When the logarithm of uri- 

nary creatinine specific activity is plotted against 

time, a straight line is not obtained until about 10 

days following the injection of labeled creatine. 

This suggests that during the earlier time inter- 

vals there are two or more sources of radioactive 

4 urinary creatinine. If the curved portions of the 
graphs in Figure 1 are due to the formation of 

creatinine in sites other than skeletal muscle, then 

“ these sources of creatinine have a relatively short 
turnover time. It would, therefore, be expected 

that urinary creatinine, isolated a short time after 
administering labeled creatine, would contain a 

higher concentration of the label than would total 
body creatine (largely skeletal muscle creatine). 
This phenomenon has been observed in rats (15). 
Further evidence against the unique origin of 
creatinine from skeletal muscle creatine is pro- 
vided by the finding of a low urinary creatinine 
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specific activity in comparison with that of skele- 
tal muscle creatine (Table [V). The percentage 
of urinary creatinine that has its origin in skeletal 
muscle can be estimated by dividing urinary cre- 
atinine specific activity by skeletal muscle creatine 
specific activity and multiplying by 100. The cal- 
culation is based on the assumption that skeletal 
muscle creatine is the only body pool of creatine 
that is highly labeled 38 days following a single in- 
jection of creatine-1-C'*. The results of this cal- 
culation are recorded in Table VI. If the creatine 
outside the skeletal muscle were still significantly 
labeled at the time these specimens were obtained, 
then the numbers shown in the table would be too 
large. Thus it is evident that 25 per cent or more 
of the urinary creatinine of these mice did not 
come from skeletal muscle. This large source of 
creatinine might account for the excretion of nor- 
mal amounts of urinary creatinine (based on body 
weight) by the dystrophic mice even though they 
exhibited low concentrations of creatine in skeletal 
muscle (Table IT). 

The assumption that only skeletal muscle creatine 
is highly labeled 1 month after a single injection of 
creatine-1-C'*, permits the estimation of the per- 
centage of urinary creatine which is derived from 
skeletal muscle creatine. The urinary creatine 
specific activity divided by the muscle creatine 
specific activity and multiplied by 100 would give 
the percentage of the urinary creatine that came 
from skeletal muscle. Table VI records the re- 
sults of this calculation. The values obtained 
are slightly high because the urine collections 
were obtained a few days before the animals were 
killed. Nevertheless, it is evident that only about 
50 per cent of the urinary creatine represents 


TABLE VI 


Contribution of skeletal muscle to urinary 
creatine and creatinine 


Urinary Urinary 
creatinine creatine 
derived derived 
from from 
muscle muscle 
Animal Condition creatine* creatine* 
% % 
2 Normal 69.0 54.2 
5 Normal 87.0 Y 
6 Normal 63.2 47.9 
2 Dystrophic 72.2 39.4 
5 Dystrophic 67.2 45.4 


* See text for of 
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TABLE VII 


Daily loss of skeletal muscle creatine as urinary creatine 
and creatinine 


Lost as Lost as 
urinary urinary 
Animal Condition creatine* creatinine* 
% % 

2 Normal 0.43 0.51 

5 Normal 0.73 1.14 

6 Normal 0.53 0.85 

2 Dystrophic 1.67 2.00 

5 Dystrophic 2.44 2.05 


* See text for method of calculation. 


newly synthesized creatine and that the relative 
amount of newly synthesized creatine which is 
excreted in the urine is similar in the two groups 
of animals. 

The percentage of skeletal muscle creatine ex- 
creted daily as urinary creatine or creatinine can 
be estimated by dividing the amount of urinary 
creatine or creatinine that has its origin in skele- 
tal muscle (based on the percentages previously 
calculated) by the estimated amount of skeletal 
muscle creatine and multiplying by 100. The 
amount of skeletal muscle was estimated to be 
40 per cent of the total body weight, and this was 
multiplied by the concentration of skeletal muscle 
creatine for-a particular animal in order to arrive 
at the total amount of skeletal muscle creatine for 
that animal. The errors of this estimation would 
tend to minimize the differences between the dy- 
strophic and normal mice. Even so, it is apparent 
from Table VII that the relative daily loss of skele- 
tal muscle creatine as urinary creatine or creatinine 
is twice as great in the dystrophic mice as in 
their normal litter mates. This reflects the greatly 
reduced turnover time of skeletal muscle creatine 
in the dystrophic mice. 

A reduced turnover time of skeletal muscle 
creatine in the dystrophic mice means that the 
molecules of creatine reside for a shorter than 
normal period of time in the muscle. There are 
two possible explanations for this finding; either 
there is defective metabolism of creatine by skele- 
tal muscle, or the creatine within the muscle must 
be in rapid equilibrium with a relatively larger 
extramuscular pool of creatine. Which of these 
explanations is chosen depends in part upon the 
nature of the mechanisms that maintain muscular 
creatine levels. 

The mechanisms responsible for maintaining 


the high muscle creatine concentrations are not 
known, but active transport of creatine across the 
cell membrane and intracellular trapping of crea- 
tine are two possible explanations. If the latter 
possibility were the primary mechanism, a rapid 
exchange of creatine across cell membranes would 
not be expected. On the other hand, if an active 
transport system maintained the high concentra- 
tions of creatine within the cell it would be pos- 
sible for labeled intracellular creatine to exchange 
rapidly with nonlabeled extracellular creatine. 
If a rapid exchange normally occurs, the differ- 
ence in pool size between normal and dystrophic 
animals might be enough to account for the dif- 
ferences in turnover times of skeletal muscle crea- 
tine. However, this would not explain the low 
concentration of creatine in the skeletal muscle of 
the dystrophic mice, which is present regardless 
of whether the concentration is based on wet 
weight of tissue, fat-free dry weight of tissue (11), 
or noncollagen nitrogen (16). 

A decrease in the intracellular concentration of 
creatine must be the result of a higher rate of loss 
of creatine than its rate of entry. If the rate of 
entry of creatine into skeletal muscle is normal or 
increased and the rate of loss is abnormally high, 
it would suggest that a mechanism which normally 
prevents the loss of creatine from the cell is im- 
paired by the dystrophic process. If the rate of 
entry of creatine into the skeletal muscle is lower 
than normal and its rate of loss normal or de- 
creased, it would suggest that a mechanism for the 
transport of creatine into the cell is not function- 
ing properly. If the rate of entry of creatine into 
the muscle were low and the rate of exit high, 
it would suggest that both the above mechanisms 
for maintaining muscle creatine concentrations 
are operative but functioning abnormally. 

The uptake of creatine-1-C", relative to the 
amount of creatine in skeletal muscle, is increased 
in the dystrophic mice (Table III), and it may 
be calculated that the total amount of creatine-1-C** 
that enters each gram of skeletal muscle is similar 
in the two groups of animals. Coupling this ob- 
servation with the reduced turnover time of skele- 
tal muscle creatine and the low concentration of 
creatine in the muscle of the dystrophic mice leaves 
little doubt that there is a defect in a mechanism 
which normally prevents the loss of creatine from 
the cell. The excess loss of creatine could result 
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from increased conversion of creatine to creatinine, 
from leakage of creatine out of the muscle, or from 
a combination of both possibilities. Because of 
the limitations of the present experiment it is not 
possible to exactly define the defect, but it is clear 
that the metabolism of creatine by skeletal muscle 
is abnormal in mice with hereditary muscular dys- 
trophy. The possibility thus arises that the mus- 
cular weakness or wasting of these mice may be 
related to the abnormal metabolism of creatine. 

A similar defect in the muscular metabolism of 
creatine occurs in vitamin E-deficient animals (9, 
17) which also exhibit muscular weakness and 
wasting, but the primary change in creatine me- 
tabolism in progressive muscular dystrophy in 
man is thought to be a decreased total uptake of 
creatine because of the smaller muscle mass (18, 
19). Since the latter might be interpreted as indi- 
cating normal metabolism of creatine by the sur- 
viving skeletal muscle, it should be pointed out 
that some of the observations in patients with 
progressive muscular dystrophy suggest that the 
changes in creatine metabolism are similar to the 
changes found in dystrophic mice. 

The experiments with humans which are most 
comparable with those reported here were per- 
formed by Roche (18) and Benedict (19) and 
their co-workers. These investigators adminis- 
tered N*-labeled glycine to normal subjects and 
to patients with progressive muscular dystrophy. 
Urinary creatinine was subsequently isolated from 
both groups and urinary creatine was isolated 
from the dystrophic patients. Two of the findings 
are similar to those reported here. The N** con- 
centration of the urinary creatinine was always 
higher in the dystrophic than in the normal sub- 
jects, and in all of the dystrophic patients the N*® 
content of urinary creatinine decreased during the 
2-week observation period. By contrast, the N* 
concentration of urinary creatinine from the nor- 
mal subjects did not change during the observa- 
tion period. Because of these findings it was 
suggested that the fraction of muscle creatine con- 
verted to creatinine was increased in progressive 
muscular dystrophy (19). 

It is well established for the rat that urinary 
creatinine is derived from body creatine (20). 
If this is also true for man, a decrease in the N*® 
concentration of urinary creatinine would indi- 
cate a dilution of body creatine with unlabeled 


creatine. However, Roche and Benedict and 
their associates (18, 19) found that the N* con- 
centration of urinary creatine was much higher 
than that of urinary creatinine even when the N*® 
concentration of urinary creatinine was decreasing. 
These two observations appear to be contradictory, 
unless it is assumed that the source of urinary 
creatine is different from the source maintaining 
tissue concentrations. Based on current knowl- 
edge of creatine metabolism, such a circumstance 
appears highly unlikely. Since glycine enters 
into so many metabolic pathways, more easily in- 
terpretable data might be obtained by using la- 
beled creatine to investigate the metabolism of 
creatine by skeletal muscle in progressive mus- 
cular dystrophy. Until other evidence is available, 
it should not be assumed that the muscular me- 
tabolism of creatine is normal in patients with pro- 
gressive muscular dystrophy. 


SUMMARY 


The urinary excretion of creatine and creatinine 
by mice with hereditary muscular dystrophy and 
by their normal litter mates was measured while 
the animals were receiving a purified diet. Nor- 
mal and dystrophic mice were then given a single 
intraperitoneal injection of creatine-1-C'* and 
killed either 30 minutes or several days after the 
injection. The concentration and specific ac- 
tivity of the creatine of heart and skeletal muscle 
were measured in all the animals, and urinary 
creatine and creatinine specific activities were de- 
termined for the animals that were allowed to live 
for 38 days or longer after the injection of la- 
beled creatine. 

The combined excretion of urinary creatine and 
creatinine was similar in the two groups of ani- 
mals, but the ratio of urinary creatine to creatinine 
was increased in the dystrophic mice. The uri- 
nary excretion of creatinine expressed as a func- 
tion of body weight was not decreased in the dys- 
trophic mice. The concentration of creatine was 
reduced in skeletal muscle but not in cardiac mus- 
cle of the dystrophic mice. 

The turnover time of both the total body cre- 
atine and skeletal muscle creatine was reduced in 
the dystrophic mice. These findings indicate that 
the low concentration of creatine in the skeletal 
muscle of the dystrophic mice results from an im- 
paired ability to retain creatine. 
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The turnover time of heart creatine was con- 
siderably less than that of skeletal muscle in both 
groups of animals, but no differences between the 
two groups were found. 
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It has been observed that the saluretic agent 
chlorothiazide (6-chloro-7-sulfamyl-1,2,4-benzo- 
thiadiazine-1,1 dioxide) and its analogs produce 
alterations in the process of urinary dilution which 
differ from those expected from a simple increase 
in electrolyte excretion (1-3). Heinemann, De- 
martini and Laragh (2) observed in human sub- 
jects undergoing water diuresis that the augmented 
electrolyte excretion resulting from the injection 
of chlorothiazide was associated with no increase, 
or a fall, in the clearance of free water. Ina single 
experiment the authors observed no effect of the 
drug on the elaboration of a concentrated urine, 
and suggested that chlorothiazide may in part in- 
terfere with the reabsorption of electrolyte at 
sites in the distal convoluted tubule where urinary 
dilution normally occurs. The absence of an ef- 
fect on the concentrating mechanism has been 
confirmed by others (4). 

Crawford and Kennedy (3) found that the con- 
tinuous administration of chlorothiazide (or hy- 
drochlorothiazide) to patients with pituitary or 
nephrogenic diabetes insipidus, and to rats with 
pituitary diabetes insipidus, resulted in decreased 
daily volumes of urine with increased concentra- 
tions of solute. Similar effects of this agent and 
its analogs have been reported by numerous other 
investigators (5-10). 

The following studies were undertaken to in- 
vestigate further the immediate effects of chloro- 
thiazide on the processes of urinary concentration 
and dilution in the dog. The changes observed 
during water diuresis were similar to those ob- 
served by others in man. A definite effect of this 
drug during the elaboration of concentrated urine 
was also observed, and has been interpreted as 
supporting the previous suggestion that this agent 
may interefere with electrolyte reabsorption at 
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sites in the nephron where urinary dilution oc- 
curs. 
PROCEDURE 


Water diuresis. Eight experiments were performed 
on 2 trained unanesthetized mongrel female dogs. The 
dogs were given their usual diet and fluid ad lib. prior 
to the experiment. At the onset of the experiment, a 
water load equivalent to 5 per cent of the body weight 
was administered through a gastric tube. Inulin in 2.5 
per cent dextrose in water was infused at a constant rate 
of 10 to 14 ml per minute. Urine was collected by free 
flow through an indwelling catheter with the dog in the 
upright position. After at least 1 hour had been allowed 
for equilibration, urine specimens were collected and 
the rate of flow and osmolality determined. When these 
were stable for 3 consecutive 10-minute periods, col- 
lection of “control” periods was begun. Venous blood 
samples were collected every 30 to 40 minutes by free 
flow through an indwelling needle into a heparinized 
tube. 

In 4 experiments, after the collection of 3 “control” 
periods, chlorothiazide (50 mg per kg body weight) was 
administered intravenously and a like amount was given 
by constant infusion each hour. Four 10-minute periods 
were then collected. The acute change in solute excre- 
tion and free water clearance produced by the drug un- 
der these conditions was thus determined. 

In order to examine the relationship between C.sm and 
Cro during water diuresis, 2.5 per cent mannitol in wa- 
ter was infused in 3 experiments to produce progressively 
increasing rates of solute excretion. The relationship 
was re-examined during the administration of chloro- 
thiazide. The drug was administered either before the 
2.5 per cent mannitol infusion was begun or after the 
mannitol had been infused and a high rate of solute ex- 
cretion attained. In the former instance the mannitol 
infusion was then started in order to increase solute 
excretion, and in the later instance it was then stopped in 
order to decrease solute excretion. The effect of chloro- 
thiazide was thus examined under conditions of both in- 
creasing and decreasing rates of solute excretion. 

The effect of an equivalent dose of acetazolamide was 
examined in the same manner. 

Maximal hydropenia and antidiuretic hormone. In or- 
der to examine the effects of chlorothiazide on urinary 
concentration, 11 experiments were performed on 5 trained 
unanesthetized mongrel female dogs. The dogs were 


‘ 
he 

aS 

m 
by 
| 
‘ 
H 


858 


dehydrated for 48 hours and 5 U of vasopressin (Pitres- 
sin Tannate in Oil) was administered intramuscularly 
the evening preceding the experiment. 

A continuous infusion of inulin in isotonic saline was 
maintained at a constant rate throughout the experi- 
Aqueous vasopressin was added to the solution, 
the pH having been adjusted to 5.5 with acetic acid, and 
infused at the rate of 50 mU per kg of body weight per 
hour during the course of the experiment. After a pe- 
riod of equilibration, urine and blood specimens were 
collected as indicated above. The periods varied from 
5 to 20 minutes depending upon the rate of urine flow. 

In order that the relationship between C.o.m and Tx. 
be examined over a wide range of solute excretion, one 


ment. 


of the following hypertonic solutions was infused: 

1) 7 per cent mannitol in water containing 50 mmoles 
NaCl per L; 2) 5 per cent mannitol in water containing 
50 mmoles NaCl per L; 3) 4 per cent mannitol in water 
containing 150 mmoles NaCl per L; 4) 2.5 per cent man- 
nitol in water containing 150 mmoles NaCl per L; 5) 
NaCl per L. The stability of the rela- 
tionship was determined by discontinuing the infusion 


200 mmoles 


after a high rate of solute excretion had been obtained 
and re-examining the. relationship as solute 
excretion was decreasing. 

Chlorothiazide, in the same dosage as noted above, was 
administered when solute excretion was either at a high 
rate (after one Cosm-T‘n.o curve had been obtained with 
the hypertonic solution) or after solute excretion had 
returned to a low rate (after two Cosm-T'n.o curves had 


LAURENCE E. EARLEY, MELVIN KAHN AND JACK ORLOFF 


been obtained with the hypertonic solution). In either 
case, adjusting the rate of infusion of the hypertonic 
solution permitted observations through a wide range 
of solute excretion in the presence of chlorothiazide. In 
all experiments one or more Cosm-T‘n2.0 curves were ob- 
tained with hypertonic mannitol and/or saline, and one 
curve was obtained during the administration of chloro- 
thiazide. 

Chemical methods. Inulin was measured in plasma 
and urine by the method of Walser, Davidson and Orloff 
(11). Sodium and potassium were determined by flame 
photometry. Osmolality was determined cryoscopically 
by using the freezing point depression apparatus of 
Bowman, Trantham and Caulfield (12). 


RESULTS 


Water diuresis. Prior to the administration of 
chlorothiazide, the relationship between C,.m and 
Cy.o was similar in all experiments. The osmolal 
clearance prior to the infusion of the hypotonic 
solution of mannitol ranged from 0.8 to 1.9 ml per 
minute and the Cy.o ranged from 10.9 to 13.1 ml 
per minute. When mannitol was infused, the 
osmolal clearance slowly increased to a maximum 
of 6.5 ml per minute and the free water clearance 
increased progressively to a maximum of 15.1 ml 
per minute (Figure 1, control). The free water 
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demonstrate increasing clearance of free water with increasing osmolal (mannitol) clearance. 


A similar relationship is shown during the administration of acetazolamide. 


Chlorothiazide 


points represent 3 different experiments; control points immediately preceding each of these 
experiments are grouped at the left of the upper curve. 
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CHLOROTHIAZIDE AND URINARY DILUTION AND CONCENTRATION 


TABLE I 


The effects of chlorothiazide on the excretion of water and electrolyte during water diuresis 


Experiment Time Vv Uosm Cosm 


UnaV 


per 100 ml GFR 


CH20 


UKV CH20 Cin Vv Cosm 


min 


ml/min mOsm/kg ml/min 


pEq/ ml/min ml/min ml/min ml/min ml/min 


min 


900 ml H.O by gastric tube, 2.5% dextrose in water, 12.0 ml/min i.v. 


8 12.6 109 
9 12.9 109 
8 12.8 111 


Chlorothiazide, 5 mg/kg and 5 mg/kg/hr i.v. 


418 
558 
544 
485 


86 
98 
94 
89 


1,000 ml H.O by gastric tube, 2.5% dextrose in water, 12.0 ml/min i.v. 


1.0 7 
7 
1.0 8 


10.9 109 
7 10.9 110 
7 11.2 117 


11.0 0.9 
10.9 1.0 
10.4 0.9 


Chlorothiazide, 5 mg/kg and 5 mg/kg/hr i.v. 
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clearance during the infusion of chlorothiazide 
was consistently lower than that noted with man- 
nitol alone at all rates of solute excretion examined 
(Figure 1). 

In four experiments, chlorothiazide was ad- 
ministered before mannitol was infused. The 
protocols of two of these experiments are shown in 
Table I. There was a mean increase in osmolal 
clearance of 4.2 to 5.4 and a mean decrease in 
free water clearance of 2.4 to 3.2 ml per minute 
per 100 ml glomerular filtration rate (GFR). 
When the free water clearance obtained during 
the administration of chlorothiazide was com- 


95 9.6 101 
119 8.3 107 
109 8.6 113 
102 8.7 119 


pared with the free water clearance obtained with 
mannitol alone at the same rate of solute excre- 
tion, there was a net decrease in free water clear- 
ance of 5.3 to 5.8 ml per minute per 100 ml GFR. 
It is apparent from Table II that in all four ex- 
periments the increased osmolal clearance closely 
approximated the decreased free water clearance 
(mean Cosm/Cu.0 = 0.87). 

In the four experiments noted above there was 
an initial increase in the rate of urine flow follow- 
ing the administration of chlorothiazide. In three 
of these there was a subsequent decrease in the 
rate of flow during the 40 minutes of drug ad- 


TABLE II 


The relationship between changes in the rates of osmolal and free water clearance produced by 
chlorothiazide during water diuresis 


Mean Cosm 


After 
chloro. 


Before 
chloro. 


Mean CH20 


After During 
chloro. mannitol* 


ACH20 
(decrease) 


ml/min 


0. 
0. 
1. 


3 
| 
8 


ml/min 
0.83 
0.74 
0.89 
0.93 


ml/min 


* Cu.0 during water diuresis with superimposed mannitol infusion selected at rates of osmolal clearance (Cosm) equal 
to rates obtained during the respective experiments with chlorothiazide. 
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0-10 14.2 30.1.6 11 13.0 15 116 
a 10-20 14.7 32 1.8 12 13.5 1.6 11.9 - 
20-30 14.6 32 1.8 12 13,2 1.6 11.6 
30-40 15.4 10.5 94 16.5 5.3 11.2 
ey. “ 40-50 14.4 109 6.0 8.5 89 16.3 6.7 9.6 : 
50-60 13.6 109 7.9 88 13:5 6.5 9.0 
60-70 12.7 110 5.2 74 8.6 
0-10 12.0 22 10.0 
10-20 12.0 24 9.9 
20-30 12.2 21 9.6 
ae 30-40 14.8 92 5.2 = 14.7 5.2 9.5 
ee: 40-50 14.4 110 6.1 638 13.3 ae 7.8 
50-60 14.4 104 596 12.7 5.1 7.6 
phos 60-70 14.2 101 5.5 567 11.9 4.6 eae ‘ 
— — ACoam 
ml/min 
ji 9 5 4.4 8.2 13.5 
j2 9 5 4.2 7.6 13.3 
: Al 4 6 5.1 9.1 14.8 og 
A2 4 6 5.4 9.2 15.0 
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ministration. This decreased flow rate was as- 
sociated with a persistent fall in glomerular filtra- 
tion rate which averaged 13, 20 and 22 per cent, 
respectively. The mean rate of flow was increased 
1.5, 2.3 and 2.8 ml per minute per 100 ml GFR 
above prechlorothiazide levels when the adjust- 
ment for filtration rate was made. The protocol 
of one of these experiments is shown in Table I, 
A5. The one experiment in which the rate of 
urine flow did not fall is shown for comparison 
(Table I, J9). In this latter experiment the fall 
in filtration rate following the administration of 
chlorothiazide was only transient. The increased 
rate of solute excretion and decreased free water 
clearance are similar in both experiments in spite 
of these differences in filtration rate. 

In an experiment in which acetazolamide was 
administered, the mean osmolal clearance increased 
2.4 ml per minute, and the filtration rate fell 14 
per cent, values similar to those noted above fol- 
lowing chlorothiazide administration. As can be 
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seen in Figure 1, the free water clearance in- 
creased during the administration of acetazolamide 
in a manner similar to that with mannitol alone. 
Adjustment for changes in filtration rate did not 
alter this identity. 

Maximal hydropenia and antidiuretic hormone. 
A consistent relationship between Cogm and T*y.0 
was noted when hypertonic mannitol and/or 
saline was infused. If the rate of solute excre- 
tion was initially low, a progressive rise in T°y.0 
with increasing Cysm was generally observed. 
With further increases in the rate of solute ex- 
cretion, a “plateau” was apparent with only mini- 
mal changes in T*y.0 (Figure 2, control). In six 
experiments, the plateau was followed by a pro- 
gressively decreasing T’y.9 as the rate of solute 
excretion was further increased (Figure 3, con- 
trol). In two of the latter experiments an initial 
rise in T°y.9 was not observed, and the urine be- 
came hypotonic to plasma, resulting in the excre- 
tion of free water at high rates of solute excretion 


THE RELATIONSHIP BETWEEN SOLUTE EXCRETION 
AND DURING MAXIMAL ANTI-DIURESIS 
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Fic. 2. CONTROL POINTS REPRESENT BOTH 
Chlorothiazide was administered when solute 


RATES OF SOLUTE EXCRETION. 


excretion had returned to a low level (see text). 


INCREASING AND DECREASING 


In the presence of the 


drug the curve did not differ from control at low rates of solute excretion. 
At higher rates of solute excretion, T°. during the administration of chloro- 
thiazide is distinctly greater than without the agent. 
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THE RELATIONSHIP BETWEEN SOLUTE EXCRETION AND TH,0 
DURING MAXIMA ANTI-DIURESIS 
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Fic. 3. THE CONTROL POINTS REPRESENT AN EXPERIMENT IN WHICH 
T ‘uso PROGRESSIVELY DECREASED AT HIGH RATES OF SOLUTE EXCRETION. Chloro- 
thiazide was administered while high rates of solute excretion were main- 


tained, and 


immediately increased. 


Solute excretion was then al- 


lowed to decrease and T‘u.0o remained greater than control points. 


(Table III). 
tatively the same regardless of which hypertonic 


These relationships were quali- 


solution was infused. 

In each experiment, the Cosm-T’n.o relationship 
during the infusion of hypertonic solution was re- 
producible. This is well illustrated in those ex- 
periments in which two curves were obtained with 
the hypertonic solution during a 3 to 5 hour pe- 
riod by first increasing and then decreasing the 
rate of infusion. The “control” curve shown in 
Figure 2 is a composite plot of all of the periods 
from two curves obtained in this way. The mini- 
mal scatter emphasizes the stability of the Coxm- 
T*y.0 relationship. This is also apparent in the 
protocol of Table III. (For example, during pro- 
gressively increasing solute excretion, at a Cogm 
of 9.7 ml per minute the T°y,0 is 0.6 ml per min- 
ute. During progressively decreasing solute ex- 
cretion, at a Com of 10.4 ml per minute, the T‘y.0 
is 0.5 ml per minute.) Differences, when noted, 
are both quantitatively and qualitatively quite dis- 
tinct from those obtained during the administra- 
tion of chlorothiazide. 

In spite of this stability during each experiment, 


there was often marked variability in the Cosm- 
T“y.,0 relationship between experiments on differ- 
ent dogs and between experiments on the same 
dog on different days. It was therefore necessary 
to obtain at least one Cosm-T°n.0 curve during the 
infusion of hypertonic mannitol-saline solution 
and one curve during the administration of chloro- 
thiazide in each experiment in order to make valid 
comparisons. 

Within 5 to 15 minutes after chlorothiazide was 
administered, the osmolal clearance increased 2.1 
to 4.9 ml per minute (mean 3.8) and the rate of 
urine flow increased 1.2 to 4.5 ml per minute 
(mean 3.0). Following the administration of 
chlorothiazide, in three experiments the filtration 
rate fell less than 5 per cent. In eight experiments 
the decrease was 7 to 15 per cent during the first 
20 minutes but in seven of these the filtration rate 
returned to control levels or above in spite of the 
continued chlorothiazide infusion. The charac- 
teristic Cosm-T“n.0 relationship noted during the 
administration of the drug was neither dependent 
upon nor qualitatively altered by these variations 
in filtration rate. 
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The Cosm-T%x.0 relationship during the ad- 
ministration of chlorothiazide had a characteristic 
pattern when compared with the relationship ob- 
tained during the infusion of the hypertonic solu- 
tions alone. This pattern was noted in experi- 
ments in which the drug was initially administered 
at either high rates of solute excretion (Figure 
3) or at low rates of solute excretion (Figure 2, 
Table III). At low rates of solute excretion 
(corresponding to the phase of rapidly rising T°y,0 
of the control curve), the T°y.0 during chlorothia- 
zide administration was not apparently different 
from the hypertonic mannitol-saline solutions 
alone at the same C,,» (Figure 2). At rates of 
solute excretion corresponding to the late part of 


TABLE 
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the “plateau” of the “control” curve (Figure 2) 
and in all six experiments in which the rate of 
solute excretion during the infusion of the hyper- 
tonic solutions alone was great enough to obtain 
a falling T°y.0 (Figure 2, Table III), the curves 
differed appreciably and consistently. The T°y.0 
obtained at these rates of solute excretion was 
greater during the administration of chlorothiazide 
than that obtained with the hypertonic solutions 
alone at equivalent rates of solute excretion. This 
divergence was noted at or slightly beyond the 
point of maximal T‘y.0 of the “control” curve. 
Once this divergence was apparent, the Ty.0 
with chlorothiazide remained greater than with 
the mannitol-saline solutions alone at the same 
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The effect of chlorethiazide on urinary concentration during maximal hydropenia and solute diuresis 


Time Vv TeH20 


min ml/min mOsm /kg ml/min ml/min 


ml/min 


per 100 ml GFR 


Cin Vv Cosm TeH20 CH20 


ml/min ml/min mi /min ml/min ml/min 


Inulin, 10 mg/min; vasopressin, 100 mU/kg/hr i.v. 


0-25 1.8 450 2.8 1.0 


Mannitol, 7©% in 50 mmoles NaCl, 2.3 ml/min 

371 3. 1.3 92 4.8 
347 1.1 95 
328 ¥ 1.0 85 8.6 
Mannitol, 7% in 50 mmoles NaCl, 12.4 ml/min 

9.7 0.6 86 10.6 

14.0 0.0 83 16.9 
Mannitol, 7°% in 50 mmoles NaCl, 22.0 ml/min 
17.6 0.6 79 23.1 

22.3 1.0 79 29.5 


Mannitol, 7% in 50 mmoles NaCl, discontinued 


— 
| 
ND 


00 00 Un 


Chlorothiazide, 5 mg/kg and 5 mg/kg/hr i.v. 
95 4. 
6. 


7 
78 9 


80 9.9 
78 14.0 


18.1 
26.7 
29.0 


30-35 44 6.2 1.4 
35-40 5.5 6.9 1.2 
40-45 7.3 9.7 1.1 
45-50 91 11.3 0.7 
55-60 14.0 16.9 0.0 
65-70 18.2 22.4 0.7 
75-80 23.3 28.2 1.3 
85-90 1.8 
95-100 0.3 
100-105 0.3 
105-110 0.8 
120-130 1.6 
140-155 1.7 
ae 170-175 5.4 427 9.8 2.9 
aah Mannitol, 7% in 50 mmoles NaCl, 12.0 ml/min 7 
185-190 8.0 382 9.8 1.8 12.2 2.3 
195-200 10.8 368 12.9 24 16.6 2.6 
mae Mannitol, 7% in 50 mmoles NaCl, 22.0 ml/min a 
205-210 14.0 353 16.1 2.4 78 20.8 2.7 
ae 215-220 18.3 345 20.7 2.4 81 25.7 3.0 2 
Sa 225-230 21.0 337 23.3 2.3 79 29.6 2.9 a 
ee: 235-240 23.2 338 24.8 1.6 81 31.0 2.0 a 
be 


rates of solute excretion. The maximal differ- 
ences in T‘y.9 between the curves at the same 
rates of solute excretion were + 1.0 to + 3.5 ml 
per minute. The maximal T°y,0 obtained during 
the administartion of chlorothiazide was often 
greater (1.0 to 1.8 ml per minute) than the mai- 
mal T*y.9 obtained with the hypertonic solutions 
alone, as can be seen in Figures 2 and 3 and 
Table III. 


DISCUSSION 


The effects of chlorothiazide on the mechanisms 
of urinary diliition and concentration observed in 
the present studies may be interpreted in the light 
of current views as due to a single action of this 
agent on the renal tubule. The currently avail- 
able evidence suggests that urinary dilution be- 
gins in the ascending limb of Henle’s loop by a 
process which actively transports solute (sodium) 
from the lumen into the medullary interstitium 
without an equivalent movement of water (13, 
14). Further dilution of the tubular fluid may 
occur in the distal convolution by the continued 
removal of solute, since in the absence of antidi- 
uretic hormone (ADH) the movement of water 
out of this segment is restricted (13-15). The 
collecting duct, in the absence of ADH, is also 
relatively impermeable to water (13, 16), and the 
diluted fluid which enters this segment is unable to 
attain osmotic equilibrium with the surrounding 
medullary interstitium. It is likely that this rela- 
tive impermeability to water of the distal con- 
volution and collecting duct does not completely 
restrict the passive outward movement of water 
along a steep osmotic gradient. Thus, increasing 
rates of solute excretion during water diuresis 
may, by decreasing the transtubular osmotic gradi- 
ent in the presence of increasing rates of flow 
within the lumen, result in further restriction of 
the outward flow of water from the distal convolu- 
tion and collecting duct. As has been suggested, 
the increasing clearance of free water seen when 
increasing solute excretion is imposed on water 
diuresis may be explained in this manner (17, 18). 
The excretion of free water may also be increased 
by augmented reabsorption of sodium in the dis- 
tal portions of the nephron. However, the relative 
importance of these two factors during solute diu- 


resis cannot readily be assessed. 
Unlike the results seen when mannitol was 
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given during water diuresis, the administration of 
chlorothiazide uniformly resulted in a decreased 
clearance of free water. This is in agreement with 
the findings of others, and suggests that the ac- 
tion of chlorothiazide cannot be limited to di- 
minishing the reabsorption of electrolyte in the 
proximal tubule. Further, if the increased os- 
molal clearance associated with this agent is en- 
visioned as the result of interference with the reab- 
sorption of electrolyte at a site where the tubular 
fluid is normally diluted, then a quantiative re- 
lationship should exist between the increased os- 
molal clearance and the decreased clearance of 
free water. Such a relationship was observed in 
the present studies. The decreases in Cy,0 closely 
approximated the increases in Cysm (when com- 
pared with values obtained during mannitol diu- 
resis), suggesting that the major increase in elec- 
trolyte excretion following the administration of 
chlorothiazide resulted from interference with 
reabsorption at tubular sites where dilution occurs. 

The observed effects of acetazolamide on the 
clearance of free water are in agreement with 
previous reports (19, 20), and the qualitatively 
opposite effects of the two drugs on this measure- 
ment make it unlikely that the effect of chloro- 
thiazide on the diluting process is related to the in- 
hibitory effect on carbonic anhydrase common to 
these two agents. 

A similar tubular effect of chlorothiazide was 
detected in the animal elaborating a concentrated 
urine. In the absence of the drug, increasing rates 
of osmolal clearance during the infusion of vaso- 
pressin were associated with values for T*y.0 
which increased to a maximum and then either 
remained constant through the range of osmolal 
clearance examined, or progressively declined. 
In some instances dilute urine (Cy.0) was ex- 
creted at high rates of osmolal clearance, despite 
the continued infusion of vasopressin. Such a 
fall in T°y.0 at high rates of solute excretion has 
been occasionally observed by other investigators 
(18, 21, 22). Since it is this portion of the T‘y.0 
curve that is affected by chlorothiazide, it is im- 
portant to attempt an interpretation of the ex- 
pected Cism-T°n.0 relationship in order that the 
action of the drug may be better defined. 

The hypotonic tubular fluid produced in the 
ascending limb of Henle’s loop is allowed to reach 
osmotic equilibrium with its surroundings in the 
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distal convolution through a membrane which is 
made highly permeable to water by the presence 
of ADH. The fluid will thus become isotonic 
with plasma in the latter portion of the distal 
convolution. In the collecting duct the passive 
movement of water is again enhanced by the pres- 
ence of ADH, and the tubular fluid will approach 
osmotic equilibrium with the medullary inter- 
stitium which has been made hypertonic to plasma 
by the countercurrent systems of Henle’s loop 
and the medullary capillaries. Under these con- 
ditions the calculated T*y.0 would represent a 
true measure of the solute-free water abstracted 
from the collecting duct. However, as the rate of 
solute excretion is increased, the increased rate 
of flow through the distal nephron and the de- 
creased transtubular osmotic gradient may re- 
sult in a failure of complete passive osmotic equili- 
bration of the diluted fluid which enters the distal 
convolution (18). Under these conditions the 
fluid entering the collecting duct would be hypo- 
tonic to plasma, and the calculated T%y.9 would 
not represent a true measure of the solute-free wa- 
ter removed from the fluid within this segment. If 
the transport of solute into the medullary inter- 
stitium by the ascending limb of Henle’s loop 
|and perhaps the collecting duct (23)] were pro- 
ceeding at a maximal rate, then the delivery of 
hypotonic fluid to the collecting duct may impose 
a limit upon the maximal calculated T*y.9 and 
result in its subsequent fall as solute excretion 
continues to increase. The externally calculated 
T'y.0 would then represent the difference between 
the nonosmotically equilibrated water which en- 
ters the collecting duct and the solute free water 
abstracted by the medullary interstitium. This 
has been discussed in greater detail elsewhere 
(18). In support of this concept is the present 


observation that in some instances urine, hypo- 
tonic to plasma, was excreted at high rates of 
osmolal clearance, indicating that complete equili- 
bration had not occurred even in the collecting 
duct. Although such marked falls in T*y.0 were 


not observed in all studies, the qualitative similar- 
ity that exists throughout these Cysm-T'n.o curves 
suggests that the same basic mechanisms were 
operative. 

Chlorothiazide, by interfering with the tubular 
reabsorption of solute without water at diluting 
sites, would result in less solute-free water within 


the distal convolution, and allow passive osmotic 
equilibration to occur more readily. Such an ac- 
tion might be expected to increase the maximal 
T°u.0 and delay the subsequent fall which normally 
occurs. At lower rates of osmolal clearance, when 
T‘n,o0 is progressively rising or is stable, passive 
osmotic equilibration in the distal convolution 
should be complete, and diminishing the dilution 
of the tubular fluid under these conditions should 
not affect the calculated T*y.0 (provided the rate 
of solute transport into the medullary interstitium 
were not simultaneously affected). In the present 
studies chlorothiazide fulfilled these requirements. 
At rates of osmolal clearance associated with in- 
creasing values for T*y.9 the administration of 
this agent did not alter these values. However, 
the presence of chlorothiazide resulted in maxi- 
mal values for T’y.9 greater than the maximal 
values obtained without the drug. Also, the ad- 
ministration of this agent uniformly resulted in in- 
creased values for T‘y.0 at rates of osmolal clear- 
ance which were associated with decreasing values 
in the absence of chlorothiazide. The failure of 
this drug to lower T*y,0 at any level of solute ex- 
cretion is consistent with the previous suggestion 
that its action is not manifest to any measurable 
degree in the ascending limb of Henle’s loop, and 
that its primary site of action may be in the distal 
convolution (2). (However, since factors other 
than the rate of transport of sodium into the me- 
dullary interstitium may be important determi- 
nants of the measured T‘y.0, the exclusion of 
Henle’s loop as a site of action of this drug may 
not be justified.) These conclusions are in con- 
trast to those of Kessler, Hierholzer, Gurd and 
Pitts (24) who, by utilizing the “stop flow” 
method in dogs, concluded that the primary ac- 
tion of chlorothiazide on sodium reabsorption was 
within the proximal tubule. However, since all 
“stop flow” urine will ultimately be influenced by 
its passage through the more distal nephron, a 
quantitative discrimination of functions which oc- 
cur both proximally and distally may be difficult. 


These studies do not exclude the possibility that 
chlorothiazide, in addition to interfering with the 
reabsorption of electrolyte, enhances the passive 
movement of water across the epithelial mem- 
brane of the distal convolution and collecting duct 
in-a fashion similar to that of ADH. If such were 
the case, the increases in T°y,0 reported here 
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would necessitate that this agent increase the per- 
meability to water of the distal portions of the 
nephron to an extent greater than that present 
during maximal ADH activity. In this study, as 
well as in those of others, chlorothiazide given 
during water diuresis never resulted in urinary 
concentrations as great as those that may be seen 
when vasopressin is given under similar circum- 
stances (18, 25). The implication, thus, is that 
these two agents could increase the permeability 
of the tubular epithelium to water by separate and 
additive mechanisms. Further, an agent that in- 
creases the passive movement of water from the 
tubular urine should result in decreased urinary 
volumes with increased concentration of solute. 
Chlorothiazide uniformly produced an initial in- 
crease in urinary volume as the clearance of free 
water decreased. Since the increased osmolal 
clearance produced by the drug is quantitatively 
related to the decreased clearance of free water, it 
would seem convenient and justified to assign to 
this agent the single tubular action of interfering 
with solute reabsorption at sites of urinary di- 
lution. 

The administration of chlorothiazide was associ- 
ated with variable changes in the rate of glomeru- 
lar filtration, and it would appear unlikely that 
such changes as did occur were responsible for 
the observed effects on Cy.o0 and T*y,.0. The 
constancy of the changes in Cy,9 produced by 
chlorothiazide, and the finding of similar changes 
in human subjects with nephrogenic diabetes in- 
sipidus (26), argue against the fact that the re- 
lease of endogenous ADH produces any meas- 
urable effect on these results. 

The mechanism whereby this drug results in an 
increase in urine osmolality acutely does not com- 
pletely account for its chronic action in diabetes 
insipidus (see above). Additional factors are nec- 
essary to account for the associated fall in urine 
volume observed in these patients. 


SUMMARY 


Chlorothiazide was administered by continuous 
intravenous infusion to dogs undergoing maximal 
water diuresis. This agent resulted in an immedi- 
ate fall in the clearance of free water (Cy,0). 
This fall bore a consistent quantitative relationship 
to the increased osmolal clearance contributed by 
the drug. 
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Values for T°y.9 were determined through a 
wide range of solute excretion (mannitol and/or 
sodium chloride) in normal dogs receiving infu- 
sions of vasopressin. A characteristic curve was 
observed through which values for T°q,0 increased 
to a maximum and then diminished, with further 
increases in solute excretion. It is suggested that 
diminishing values for T*y.9 may result from fail- 
ure of complete passive osmotic equilibration in 
the distal convolution at very high rates of solute 
excretion. Immediate comparison of values for 
T*y.0 at various rates of osmolal clearance with 
and without chlorothiazide were obtained. The 
values for T%y.0 at low rates of osmolal clearance 
during the administration of chlorothiazide did not 
differ from values obtained without the drug. At 
higher rates of osmolal clearance, T°y.9 during 
the infusion of chlorothiazide often exceeded the 
maximal control value, and this agent uniformly 
resulted in increased values for T°y,o at rates of 
osmolal clearance which, in the absence of the 
drug, were associated with a decreasing T°y,0. 

Changes in the rate of glomerular filtration dur- 
ing the infusion of chlorothiazide were not uni- 
form and were not always associated qualitatively 
with the observed changes in Cy.9 and T*y,0. 

It is suggested that these data are consistent 
with the premise that chlorothiazide increases 
electrolyte excretion by interfering with its reab- 
sorption in portions of the nephron where the tu- 
bular fluid is normally diluted. The failure of this 
agent to lower T*y.0 suggests that this action 
takes place predominantly in the distal convolution 
rather than in the ascending limb of Henle’s loop. 
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SODIUM DEPLETION AND RENAL CONSERVATION OF WATER * 


By GEORGE P. BAKER, HOWARD LEVITIN ¢ anp FRANKLIN H. EPSTEIN § 


(From the Department of Internal Medicine, Yale University School of Medicine, 


The deleterious influence of sodium depletion 
upon circulatory efficiency and renal function is 
well known (1—5). Glomerular filtration rate and 
renal blood flow are generally decreased, sodium 
excretion declines to the vanishing point, and the 
ability to excrete a water load is impaired (4, 6). 
Dilutional hyponatremia, by contrast, is often at- 
tended by an increase in glomerular filtration rate 
and enhanced excretion of sodium (7, 8), as well 
as by some decline in maximal urinary concentra- 
tion of solutes (9). 

The present experiments, carried out on rats, 
were designed to explore the effect of hypona- 
tremia induced by the removal of body sodium 
upon the ability of the kidneys to conserve water 
and to concentrate the urine maximally. Maxi- 
mal urinary concentration was not diminished by 
merely removing sodium from the diet. How- 
ever, rats depleted of sodium by peritoneal dialysis 
demonstrated a considerable fall in renal concen- 
trating ability which resulted in striking losses of 
water from the body and eventual restoration of 
serum sodium at the expense of the volume of 
body fluids. 

METHODS 

Group I. The effect of a sodium-free diet upon renal 
concentrating ability. Eight male Sprague-Dawley rats 
weighing 240 to 290 g were fed a synthetic diet con- 
taining liberal amounts of sodium and were allowed food 
and water ad lib. for 6 days. At the end of this time, 
food and water were withheld and 100 mU of vasopres- 


sin suspended in peanut oil was injected subcutaneously. 
Urine was collected under mineral oil for 24 hours and 
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its osmolality (Umax) was determined with a_ Fiske 
osmometer. The procedure was repeated on the same 
animals after they had received a diet containing no so- 
dium for 6 days. 

Twelve additional rats, weighing 290 to 310 g, were 
fed a sodium-free diet for 6 days, at the end of which 
Umax was determined. A _ diet containing adequate 
amounts of sodium was then allowed but, in order to 
keep the intake of protein and calories constant, only in 
amounts limited to those the same animal had consumed 
during its preceding sodium-free period. In this way 
each rat served as its own pair-fed control. After 6 days 
Umax Was again measured. 

Group Il. The effect of severe hyponatremia upon re- 
nal concentrating ability. Nineteen rats (group Ila), 
weighing 375 to 425 g, were placed on a sodium-free diet. 
Subsequently a stainless steel cannula of the type de- 
scribed by Kolff and Page (10), was sewn into the peri- 
toneal cavity of each animal and the operative incision 
allowed to heal. The rats were then placed in individual 
metabolism cages so that the intake of food and water 
and the output of urine could be accurately measured. 
After 2 days of control observations they were sub- 
jected to peritoneal dialysis. The dialysis fluid con- 
sisted of 5 per cent glucose in water containing 25 mEq 
per L of NaHCO;. (The latter was included to mini- 
mize acidosis as a result of losses of bicarbonate from 
the body during dialysis.) A volume of warmed fluid 
equal to 10 per cent of the body weight was instilled 
through the cannula into the peritoneal cavity and with- 
drawn after 2 hours. The procedure was then repeated. 
The amount of dialysis fluid removed at the end of the 
4 hour period was approximately equal to that instilled. 
At the conclusion of the dialysis, serum sodium, blood 
urea nitrogen and hematocrit were determined on 0.5 ml 
of tail blood. Balance studies were resumed on the fol- 
lowing morning. Following dialysis, 8 rats were given 
daily subcutaneous injections of 100 mU of vasopressin 
in oil for the remainder of the experiment. 

Eight days after dialysis, the animals were sacrificed 
by aortic exsanguination. The shafts of both femurs 
were removed, cleaned of marrow and, after drying, 
analyzed for sodium using a Baird flame photometer. 
Samples of thigh muscle were dried, extracted with an- 
hydrous ether and analyzed for sodium. Both kidneys 
were removed, fixed in formalin and examined for 
morphological changes. Hematocrit, serum sodium, se- 
rum CO, content and blood urea nitrogen (11) were de- 
termined. Daily urine samples were analyzed for sodium, 
calcium (12), urea or total nitrogen, and osmolality. 
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TABLE I 


Effect of a low sodium diet upon maxima! 
urinary osmolality 


Low sodium diet Regular diet 
p 
(Low 
sodium 
vs regular) 


Foc rd 
intake 


Fe 0d 
intake Uosm 


Uosm 


mOsm/kg 
2,730 
+274 
2,227 N 
+200 


Group la <0.01 


n= 8 
Group Ib 
n=12 


* Mean+SD. 


Thirteen rats (group Ilb) were handled in exactly the 
same manner as those of group II, save that their dialyz- 
ing fluid consisted of 5 per cent glucose containing 140 
mEq per L of Na, 115 mEq per L of Cl and 25 mEq per 
L of HCO,. Following dialysis, dietary intake of these 
control animals was limited to the average daily intake 
of the hyponatremic rats of group Ila. 

Group Ill. The effect of moderate hyponatremia upon 
renal concentrating ability. Eight rats were treated in 
the same manner as group Ila, except that the second 
peritoneal dialysis was omitted. 


RESULTS 


Effect of a low-sodium diet upon renal concen- 
trating ability (groups la and b, Table 1). Maxi- 
mal urinary osmolality decreased slightly when 
rats allowed to eat ad lib. were transferred from 
a regular to a salt-free diet (group Ia). Pair- 


feeding experiments (group Ib) indicated that 
this was the result of diminished food intake rather 
than an effect of salt restriction per se on the kid- 
ney. When the intake of animals eating a regular 
diet was limited to that ingested on a sodium-free 
diet, no difference in Umax Was apparent. Serum 
sodium was unaltered by a low-sodium diet. 

Effect of severe hyponatremia upon renal con- 
centrating ability (groups Ila and b, Tables II and 
III). Asa result of sodium depletion by dialysis, 
serum sodium fell to an average of 107 mEq per 
L. Blood urea nitrogen rose to an average of 53 
mg per 100 ml and the hematocrit was elevated. 
Serum sodium, blood urea and hematocrit re- 
mained normal in rats dialyzed against a solution 
containing 150 mEq per L of sodium (group 
IIb). 

Following dialysis there was a_ precipitous 
weight loss in the hyponatremic animals, amount- 
ing by the seventh day to 22 per cent of the origi- 
nal weight. By this time, when the rate of weight 
loss had diminished and body weight had begun to 
plateau, the average serum sodium had risen from 
107 to 139 mEq per L. Weight loss was not so 
marked in the control animals, whose serum so- 
dium remained unaltered throughout the experi- 
ment (Table II, Figure 1). 

Immediately following dialysis, urinary output 
increased markedly in the hyponatremic animals 


TABLE II 


Effect of hyponatremia upon weight and body composition 


Serum Na 


Weight 


Predialysis Final 


mEq, L 


Group Ila 
Without vasopressin 
n=6 


320 
+18 


310 
+24 


With vasopressin 
n=8 


Group IIb 
Without vasopressin 
n=06 


348 
+21 


With vasopressin 344 
n=7 +18 

Ilavs 


IIb 


No vasopressin 0.01 
With vaso- 
pressin 


0.01 


Postdialysis Final 


BUN 


- Hematocrit 
Postdialysis Final Bone Na Postdialysis 
mEq/100 g 

dry solids 

0.273 


+0.011 


me % 


0.275 
+0.009 


0.286 
+0.006 
0.291 
+0.009 


0.10 


q 
868 
i 
+1.8 +314 +3.6 
+4.4 +247 +44 

! 

+22 +13 + 8 +6 +45 +1 
399 106 139 55 44 53 
fate +18 + 6 +9 +7 +23 +6 oe 
ae 
sane +22 + 3 + 1 +5 + 1 +2 on 
Be 152 147 19 13 47 pees 
+ 2 +3 = +1 
Sa 0.01 0.01 0.01 0.01 = 0.01 oe 
ae 0.01 0.05 0.01 0.01 0.01 0.05 oe 
i. 
Be 
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LOW-No 


13.4 
+3.9 


CONTROL 


977 
+371 


10.8 


mOsm 
918 
+209 +4.0 


1 


Na 107 Meq/L No=139 Meq/L 


mOsm/kg 


2 3 4 S 7 
DAYS AFTER DIALYSIS 


tS. 7 


+4.3 


mOsm 


Fic. 1. Bopy WEIGHT FOLLOWING THE INDUCTION OF 
HYPONATREMIA, Hyponatremic rats lost weight rapidly 
until serum sodium approached normal levels, one week 
after dialysis. 


1,105 
+289 


mOsm/kg 


8.2 
4.1 


1 
+4. 


mOsm 


(Figure 2). Food intake decreased. The intake 
of water diminished slightly, although not so 
much as in comparably-fed controls. Total solute 
excretion was depressed. Sodium excretion re- 
mained negligible, the urinary concentration of 
sodium being less than 1 mEq per L. The diuresis 
was associated with a striking fall in urinary 
osmolality (Table III, Figure 3), which declined 
from 1,900 mOsm per kg before dialysis to 500 
mOsm per kg after the procedure. Urinary osmo- 
lality rose slowly over the next several days as 
diuresis and weight loss became less pronounced 
and the serum sodium approached normal levels. 
A slight fall in urinary osmolality was also ob- 
served in the control rats, presumably as a result 
of their restricted food intake. 


DIALYSIS 


mOom/he 
985 
+208 


mOsm 


mOsm, kg 


mOsm 
9.2 
2.0 


mOsm/kg 
1,853 
+343 


+3.9 


= 
= 
= 
= 
= 
S 
= 
3 
3s 
= 
~ 
= 
= 
= 
= 
~ 
= 
S 
a 
= 
8 
= 
= 
= 
= 
& 
= 
~ 
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mOsm 
20.0 


2,408 
+229 


mOsm, kg 


INTAKE 
cc 


+10 


8.8 


1 
#2, 


mOsm 


+10 
OuTPuT 
cc 


2,287 
+179 


mOsm/kg 


#20 
LOW-Na 
+30) CONTROL 


' 2 3 4 
DAYS AFTER DIALYSIS 


8 


Group IIb 


7 


Without vaso- 


Without vaso- 
pressin 
pressin 
pressin 
pressin 


Fic. 2. URINARY OUTPUT AND WATER INTAKE FOLLOWING 
HYPONATREMIA, 


n 
n 


With vaso- 
With vaso- 


Group Ila 
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| DIALYSIS 


i 
SERUM 
No =139 Meq/L 


4 4 4 


DAYS AFTER DIALYSIS 


! 
! 


SERUM 
Meq/L 


Fic. 3. URINARY OSMOLALITY FOLLOWING HYPONATREMIA. 


The diuresis following sodium depletion was 
not altered by the daily administration of vaso- 
pressin in oil (Figure 4). Vasopressin prevented 
neither the weight loss nor the marked drop in 
urinary osmolality associated with hyponatremia. 
Similar experiments were performed, in which 
1,000 mU of aqueous vasopressin was injected 
subcutaneously every 2 hours for 48 hours after 
the production of hyponatremia. The postdialysis 
diuresis was unaffected. 

As suggested by other reports (1, 13, 14), ani- 
mals depleted of sodium developed a negative ni- 
trogen balance which was more pronounced than 
that observed in controls (Figure 5). Net uri- 
nary losses of potassium in the two groups was 
similar and proportional to net losses of nitrogen 


LOW-No 
@———-®@ NO VASOPRESSIN 


PLUS VASOPRESSIN 


DAYS AFTER DIALYSIS 
Fic. 4. THE EFFECT OF EXOGENOUS VASOPRESSIN UPON 
WEIGHT LOSS AND DECREASED URINARY SOLUTE CONCENTRA- 
TION ASSOCIATED WITH HYPONATREMIA. Urinary losses 
of water were not prevented by the administration of 
vasopressin to hyponatremic rats, 


LOW-No* 


| DIALYSIS 
o——O CONTROL 


DAYS AFTER DIALYSIS 


Fic. 5. Errect OF HYPONATREMIA UPON NITROGEN 
BALANCE. Animals depleted of sodium developed a nega- 
tive nitrogen balance which was more pronounced than 
that observed in pair-fed controls. 


in the approximate ratio of 3 mEq of potassium to 
1 g of nitrogen. 

Bone sodium (Table Il) was slightly lower in 
the sodium-depleted animals than in their con- 
trols; the losses of sodium from bone, however, 
were not nearly so striking as those observed in 
sodium depletion associated with acidosis (15). 
Urinary calcium excretion and serum calcium 
levels were unaffected by dialysis, further sug- 
gesting that sodium depletion did not result in 
dissolution of bone. The average muscle sodium 
in depleted rats at the time of sacrifice was 7.65 
mEq per 100 g fat-free dry solids (FFDS), com- 
pared with 8.23 mEq per 100 g FFDS in control 
animals. 

Microscopic examination of the kidneys showed 
severe hydropic changes in the proximal tubules 
of all animals, with similar though less marked 
alterations in the distal convoluted tubules. Drop- 
lets of eosinophilic material were apparent in the 
tubular cells in these locations, and eosinophilic 
material was also present in the lumens of the col- 
lecting ducts. This material did not have the 
staining characteristics of a mucoprotein. Glo- 
meruli, vessels and collecting ducts appeared 
otherwise normal. The changes in cortical tu- 
bules resembled those described by Hamburger, 
Halpern and Funck-Brentano (16) in rabbits with 
dilutional hyponatremia. 

Effect of moderate hyponatremia upon renal 
concentrating ability (group III, Table IV). Af- 
ter a single dialysis, average serum sodium fell to 
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TABLE IV 


Effect of moderate sodium depletion upon urinary concentration 


Weight Serum Na BUN Umax 
Dayi—‘Day7 
At di- After After After After After Before after after 
alysis 7 days dialysis 7 days dialysis 7 days dialysis dialysis dialysis 
g mEq/L mg % mOsm/kg 
Group III, 392 340 135 159 50 24 2,324 885 2,604 
+23 +36 +0.2 +2 +11 +7 +354 +168 +451 


8 Na-depleted rats 


135 mEq per L and blood urea nitrogen rose to 
50 mg per 100 ml. Maximal urinary osmolality 
declined, diuresis and weight loss ensued and se- 
rum sodium rose, in a manner entirely similar to 
that observed in the more severely hyponatremic 
rats of group Ila. 


DISCUSSION 


Hyponatremia produced in the rat by deple- 
tion of sodium results in a diuresis of urine of 
relatively low osmolality and negligible sodium 
concentration, which continues until the serum 
sodium is returned to normal. The increase in 
urine flow is not the result of an osmotic diuresis, 
since solute excretion actually decreases. Nor is 
it a consequence of diminished secretion of anti- 
diuretic hormone. It is not prevented by in- 
jections of vasopressin and is clearly a reflection 
of a decrease in the ability of the kidneys to con- 
centrate the urine. 

A similar decrease in maximal urinary concen- 
tration has been observed in dilutional hypona- 
tremia in dogs (9) and man (17). Under these 
circumstances, there is frequently an increase in 
glomerular filtration rate or total solute excretion. 
In the present study, glomerular filtration rate was 
undoubtedly diminished by sodium depletion, and 
solute excretion was uniformly decreased. Acute 
decreases in glomerular filtration reduced maxi- 
mal urinary concentration in dogs studied by Leaf, 
Kerr, Wrong and Chatillon (18) and Levinsky, 
Davidson and Berliner (19). This was associ- 


ated, however, with a decrease in urine flow, 
rather than the sustained increase in urinary out- 
put which we observed in hyponatremic rats. 
Other causes of impaired concentrating ability, 
such as potassium depletion, hypercalcemia and 
hypercalciuria, were excluded in the present ex- 
periments. Lowering the concentration of urinary 


sodium per se, by feeding a low salt diet, does not 
appear to change maximal urinary concentration 
of the rat, in the absence of hyponatremia.’ 

The mechanism of the decrease in concentrating 
ability induced by hyponatremia is not clear. It 
seems probable that the interstitial fluid of the re- 
nal medulla and papilla of hyponatremic rats is 
less highly concentrated in sodium than that of 
normal animals, either because of changes in re- 
nal medullary blood flow which reflect profound 
alterations in the systemic circulation, or be- 
cause of a depression of active sodium transport 
by the medullary tubules. 

The degree of impairment of renal concentrating 
ability and its net effect upon body water and the 
concentration of serum sodium may vary from 
one species to another and even among individuals. 
An abrupt diuresis, loss of weight, and rise in 
serum chloride were observed by Semple in rats 
depleted of electrolytes by dialysis (22). Darrow 
and Yannet (13) depleted three dogs of sodium 
by peritoneal dialysis; in one the serum sodium 
subsequently rose spontaneously from 129 to 140 
mq per L while it was on a salt-free diet, but 
hyponatremia persisted in the others. In a simi- 
lar experiment in a dog, reported by Leaf and 
Mamby (23), serum sodium also remained low 
and body weight was undiminished. Holmes 
and Cizek (24) and Cizek, Huang, Semple and 
Gregersen (6, 25) noted an increase in water 
intake and urinary output in sodium-depleted 
dogs; serum chloride, however, remained low 
when the animals were fed a low salt diet after 
dialysis. Hyponatremia induced in humans by 
sodium removal over several days commonly 
persists until salt is supplied (1). We are una- 
ware of any detailed study of the effect of sodium 


1 Maximal urinary concentration of dogs (20) and hu- 
mans (21) is similarly unaffected by a diet low in sodium. 
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depletion upon renal concentrating ability in hu- 
man subjects. 

It is of interest that the intake of water remained 
high in sodium-depleted rats even though extra- 
cellular tonicity was low, a state of affairs that 
might have been expected to reduce thirst (26). 
Presumably, thirst was sustained under these cir- 
cumstances by a response to contraction of the 
volume of extracellular fluid and blood or to other 
alterations in the circulation which may have 
been caused by hyponatremia. 

Restoration of the concentration of sodium in 
extracellular fluid was accomplished almost en- 
tirely by losses of water from the body. The con- 
tribution of bone sodium to replacement of so- 
dium deficits was negligible. This finding con- 
trasts with studies in which sodium depletion was 
associated with acidosis (15) but is in accord 
with other experiments in rats in which (as in the 
present study) acidosis was minimized by placing 
sodium bicarbonate in the solution used for peri- 
toneal dialysis (27). 

In addition to other implications, these experi- 
ments provide an interesting physiological ex- 
ample of at least one situation in which tonicity 
is preserved at the expense of body fluid volume. 
Rats apparently respond to severe hyponatremia 
by literally shrinking around their available so- 
dium. This does not appear, however, to result 
from an adaptive reaction of the hypothalamic 
centers concerned with thirst and the secretion of 
It is rather a consequence 
of severe, reversible impairment of the renal mech- 
anism for concentrating urine and conserving 


antidiuretic hormone. 


water, 
SUMMARY 


1. Rats depleted of sodium and rendered hypo- 
natremic by peritoneal dialysis develop severe, 
reversible impairment of renal concentrating abil- 
ity, resulting in increased urinary losses of water, 
rapid weight loss and eventual restoration of se- 
rum sodium to the normal range. 

2. The contribution of bone sodium to replace- 
ment of sodium deficits under these circumstances 
is negligible. 

3. Removal of sodium from the diet does not 
change maximal urinary concentration in the rat 
if serum sodium is unaltered and protein intake is 
kept constant. 
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The occurrence and severity of erythroblasto- 
sis fetalis, due to maternal Rh isoimmunization, 
can be predicted through simple prenatal sero- 
logical tests (1, 2). If Rh isoagglutinins are pres- 
ent in maternal serum, and if the incompatible Rh 
antigen is transmitted from the father, the new- 
born wili have hemolytic disease, the severity of 
which is often proportional to the titer of the 
mother’s serum Rh isoagglutinins (1, 2). In the 
event that the isoimmunized Rh negative mother 
delivers an Rh negative infant, the titer of Rh 
antibodies in the cord serum, except for saline 
agglutinins, is generally equal to the titer obtained 
in the maternal serum (3). For practical pur- 
poses, almost all maternal Rh isoagglutinins seem 
to cross the placental barrier freely, and their 
titration value affords guidance toward the ef- 
fective management of hemolytic disease of the 
newborn. This has not been the case for erythro- 
hlastosis fetalis due to ABO incompatibility (1, 2). 

ABO erythroblastosis of sufficient severity to 
warrant exchange transfusion therapy for the con- 
trol of hyperbilirubinemia, has a frequency equal 
to that of erythroblastosis due to Rh incompati- 
bility (2, 4), and yet prenatal tests have been of 
little value thus far in identifying those mothers 
who may deliver affected infants (4). Since ABO 
erythroblastosis occurs often in the first incom- 
patible pregnancy (5, 6), a reliable prenatal test 
would be of extreme importance in anticipating 
the occurrence of this disease for intelligent 
management. 

A varying proportion of maternal anti-A (a) 
and anti-B (8) isoagglutinins can be demonstrated 
in the serum of the newborn (7, 8). Most ABO 
isoagglutinins cannot cross the placenta and there- 
fore play no role in the pathogenesis of erythro- 
Fudenberg, Kunkel and Franklin (9) 


blastosis. 


* Presented in part at the Annual Meeting of the 
American Society of Hematology, November 30, 1960. 
This investigation was supported in part by Grant H4456 
from the National Institutes of Health, and by the Albert 
A. List, Frederick Machlin and Anna Ruth Lowenberg 
Research Funds. 


suggested that 7S isoagglutinins traverse the pla- 
cental barrier, thus predisposing to hemolytic dis- 
ease. If so, diffusion of antibodies across the 
placenta may be dependent upon the molecular 
size of the antibody molecule, with low molecular 
weight (about 160,000) y, antibodies of the mother 
reaching the fetus (9). 

Of equal importance in the pathogenesis of ABO 
hemolytic disease of the newborn are the protec- 
tive effects of nonerythrocytic ABO blood group 
substances in the fetus. Whereas Rh antigens ap- 
pear to be restricted to the red blood cells, ABO 
antigens occur in other tissues, as well as in the 
secreted mucopolysaccharides of most persons 
(10), and ABO isoagglutinins possess varying 
degrees of sensitivity to inhibition by specific solu- 
ble blood group substances (SSBGS) (11, 12). 
An excess of ABO secretors has been observed 
in infants with ABO erythroblastosis (5, 6, 13, 
14) and in their fathers (14). 
reflect either a sensitivity of ABO secretors, or 
a resistance of ABO nonsecretors, toward ABO 
disease, or even a loss of ABO nonsecretors in 
utero. 


This excess may 


Since blood group substances are readily de- 
monstrable in the tissues of both secretors and 
nonsecretors (15), further quantitative and/or 
qualitative distinctions must exist between these 
two classes to explain these observations. Re- 
sistance to neutralization of some a and £ isoag- 
glutinins might be related to the clinical problem 
of ABO erythroblastosis, if such antibodies were 
7S y.-globulins crossing the placenta (9). Large 
antibody molecules (macroglobulins ), because they 
fail to traverse the placental barrier, are not perti- 
nent to this problem (9). 

Column chromatographic separation of serum 
proteins on anion exchanger, diethylaminoethy] 
(DEAE) cellulose, first described by Sober, Gut- 
ter, Wyckoff and Peterson (16, 17), offers a rela- 
tively simple means of separating 7S y,-globulins 
from other serum proteins (18). Such separa- 
tion of human isoagglutinins has been reported by 
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Abelson and Rawson (19) and by Fahey and 
Morrison (20). 

The present report deals with the resistance to 
neutralization by SSBGS of ABO isoagglutinins 
which can traverse the placental barrier. These 
isoagglutinins were obtained by a_ simplified 
DEAE cellulose column chromatographic method, 
designed to separate 7S y,-globulins from the re- 
mainder of the serum proteins. The results ob- 
served in the presence and the absence of ABO 
erythroblastosis suggest that the disease might be 
anticipated by suitable prenatal tests. 


MATERIALS AND METHODS 


Chromatographic separation was performed according 
to a modified method of Sober and Peterson (17) and of 
Levy and Sober (18). In general, the following pro- 
cedure was used for separation of serum: DEAE cel- 
lulose? was purified according to Sober and co-workers 
(16) and the slurry, suspended in the initial buffer (0.02 
M phosphate, pH 6.3), was poured into 5-ml serological 
pipets (250.5 cm). The ion exchanger was packed 
under water pressure of 40 to 50 cm and washed with 
the initial buffer overnight. The dead volume of such 
columns was about 2.5 ml. 

The serum sample, dialyzed? against 3 changes of the 
initial buffer in a 4° C cold room, was applied to the col- 
umn, together with the slight precipitate formed during 
dialysis. For each separation, 1 ml serum (corrected 
for the increase of volume during dialysis) was applied 
to the column at room temperature, and washed with 10 
ml of the initial buffer, followed by 10 ml of 1 M NaCl. 
Two-ml samples were collected at a flow rate of 6 to 8 
ml per hour, at room temperature. The protein content 
of the separated fractions was measured by absorption 
at 280 mu in a Beckman DU spectrophotometer. 

Under these conditions, the 0.02 M phosphate buffer 
(pH 6.3) fraction (hereafter referred to as 0.02 M frac- 
tion) contained the first four chromatographic peaks de- 
scribed by Humphrey and Porter (21), and if isoag- 
glutinins were present in this fraction, the highest titers 
were always found in those tubes which contained most 
protein. No difference was found in the elution pattern 
of the isoagglutinins when 0.01 M phosphate buffer was 
followed by 0.02 M buffer, or when more than 10 ml of 
buffer was used as first eluent (Figure 1). The 0.02 
M fraction was not found to contain proteins other 
than 7.-globulins when tested by paper electrophoresis 
and acrylamide electrophoresis (22). Ultracentrifuga- 
tion of this fraction at a protein concentration of 1 per 
cent (courtesy of Drs. O. Singher and R. Fenichel, 
Ortho Research Foundation, Raritan, N. J.) revealed 
only a single component having a sedimentation con- 
1 Eastman Organic Chemicals, Rochester, N. Y. 
2 Cellulose casings, Visking Co., Chicago, III. 
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Fic. 1. SrPARATION OF ISOAGGLUTININS ON DEAE 
CELLULOSE COLUMNS UNDER VARYING CONDITIONS. Varia- 
tions of the concentration (0.01 to 0.02 M) of the phos- 
phate buffer, pH 6.3, and of the volume of effluent col- 
lected (10 to 30 ml), failed to alter the pattern of 7S +.- 
globulins or a and £ isoagglutinins emerging from the 
column. The a and £ isoagglutinins in the fractions 
eluted with 1 M NaCl could be further separated by 
using 0.1 M phosphate buffer, pH 6.3, prior to 1 M NaCl. 


stant of 7S. Heavier components were not observed 
despite special attention for their detection in the earliest 
parts of the ultracentrifugal run. 

The second fraction eluted with 1 M NaCl (hereafter 
referred to as 1 M fraction) contained 19S macro- 
globulins and all other serum proteins, but paper and 
acrylamide electrophoresis failed to reveal -+.-globulins. 
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The isoagglutinin activity of this fraction could be split 
into two fractions using, after 0.02 M phosphate buffer, 
pH 6.3, first 0.1 M phosphate buffer, pH 6.3, followed 
by 1 M NaCl (Figure 1). The significance of this ob- 
servation is under study. 

The isotonicity of 0.02 M phosphate buffer fractions 
was restored by addition of 0.05 ml of 18 per cent NaCl 
per 1 ml of eluate, and of 1 M NaCl fractions by dilu- 
tion with 5 vol of distilled water. 

Native serum and pooled fractions, the latter concen- 
trated to the original serum volume by dialysis at 4° C 
against 20 per cent polyvinylpyrrolidone (PVP), pro- 
materials for titration of antibodies before and 
Parallel titrations showed a good re- 


vided 
after separation. 
covery of the isoagglutinins (Table I). 

The agglutination tests for a and f isoagglutinins were 
done by conventional methods, usually in duplicate. Two- 
fold serial dilutions of serum or fractions were mixed 
with equal volumes of 2 per cent washed red cells from 
type A, and B donors. After incubation at 37° C for 1 
hour and centrifugation, agglutination was recorded as 
the saline titer. An additional volume of 4 per cent acacia 
(5) was then added and the mixture reincubated for 15 
minutes at 37° C, centrifuged, and 1 vol of saline added 
to abolish rouleaux. The agglutination then observed, 
usually by two observers, neither familiar with the clini- 
This con- 
centration of acacia was chosen because it afforded re- 
sults which agreed within one dilution of those observed 
with the y-antiglobulin test. 

The neutralization tests for a and f isoagglutinins were 
performed by mixing serial dilutions of 0.02 M phosphate 
buffer fractions with suitable serial dilutions of SSBGS 


cal details, was recorded as the acacia titer. 


TABLE I 


Recovery of ABO tsoagglutinins after fractionation 
on DEAE cellulose celumns 


Isoagglutinin titers (reciprocal) 


1 Mt 


Serum Anti- 


no. body Native 0.02 M* Poolt 


80 80 80 
160 80 80 


1,280 640 


640 320 


640 320 


160 80 80 
a 160 80 80 


8 160 0 160 160 


* Titer of pooled fractions that were eluted with 0.02 M 
phosphate buffer, pH 6.3, and concentrated to original 
serum volume. 

+ Titer of pooled fractions that were eluted with 1 M 
NaCl and concentrated to original serum volume. 

+ Mixture of * and ¢ corrected for volume change due to 
mixing. 
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Fic. 2. THE RECOVERY OF MATERNAL AND FETAL ABO 
ISOAGGLUTININS FROM DEAE CELLULOSE COLUMNS. Both 
mother (no. 268) and newborn (no. 265) type O; 1 ml 
serum samples fractionated. Isoagglutinin titers of 
whole serum: mother, a 1:512 and p 1:512; newborn, 
a 1:160 and 6 1:16. Isoagglutinin titer in figure is 
represented by reciprocal values. 


of hog (A) and horse (B) origin.? The test cells were 
added after 15 minutes’ incubation at room temperature. 
After further incubation for 1 hour at 37° C and centri- 
fugation, agglutination was recorded as saline titer. Then 
4 per cent acacia was added to the tests which were 
further incubated for 15 minutes at 37° C. The agglu- 
tination observed after centrifugation and addition of sa- 
line was recorded as the acacia titer. The acacia titer 
was always found to be more reliable and is given 
throughout this report. Titers with and without SSBGS 
were frequently checked for reproducibility at a later 
date and consistent results were always obtained. 


RESULTS 


1. The separation of cord serum a and B isoag- 


glutinins on DEAE cellulose columns. ABO iso- 
agglutinins have been demonstrated in cord bloods, 
especially those from type O offspring of type O 


mothers. Cord serum ABO isoagglutinins could 


8 Biosales Inc., 300 W. 43rd St., New York, N. Y. 
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TABLE II 


The recovery of cord blood * isoagglutinins in 0.02 M eluates f 
from DEAE cellulose columns 


Isoagglutinin titer (reciprocal) 
Native cord 0.02 M 
Speci- Blood type serum fraction 


men 
no. Mother Child Anti-A  Anti-B Anti-A Anti-B 


44 Oo Oo 160 10 40 <10 
62 O O 80 160 40 40 
117 O Oo 40 <10 20 <10 
143 oO oO 80 <10 40 <10 
144 O O 20 <10 20 <10 
145 O O 160 <10 80 <10 
146 Oo O 80 40 80 20 
147 oO Oo 160 <10 80 <10 
148 O O 40 40 40 40 
150 O oO 320 10 160 <10 
152 O O 80 10 40 <10 
153 O B 20 20 

154 Oo oO 20 <10 <10 <10 
155 O O 40 20 40 20 
156 O O 80 <10 80 <10 
180 O B 80 40 


* Cord sera selected to have >1:10 anti-A. 

t+ Cord blood isoagglutinins not observed in the 0.1 to 1.0 M eluates 
of these and 17 other cord sera tested. 

t Unconcentrated single 0.02 M phosphate buffer, pH 6.3, eluates 
which contained the most isoagglutinins were titrated and the values 
adjusted for dilution over the volume of the native serum. 


be of 7S character (9), because they are incom- 
plete reflections of a and £ isoagglutinins present 
in the serum of the mother. 

Thirty-three cord sera, each containing a and B 
isoagglutinins, were separated on DEAE cellulose 
columns, and eluates collected as described under 
Methods. The isoagglutivins of these sera were 
recovered only in the 0.02 ‘I fractions; the 1 M 
fractions, under the standard test conditions, did 
not reveal isoagglutinin activity (Figure 2). 
Rarely, and only when some cord sera contained 
in excess of 1: 200 titer of ABO isoagglutinins, 
concentrations of 1 M NaCl fractions contained 
irregular trace amounts of isoagglutinins up to 
approximately 1 per cent of the native titer, due 
perhaps to contamination with 7S y.-globulins. 

Sixteen sera were found to have anti-A in a 
titer of 1: 20 or greater, and these sera were stud- 
ied by titration of the native material and that 
single 0.02 M fraction which contained most of 
the isoagglutinin activity. There was no need 
to pool or to concentrate fractions, because these 
antibodies invariably appeared with the effluent 
having most of the 7S y.-globulins, and one frac- 
tion always contained most of the isoagglutinins in 
a titer quite similar to that of the native cord se- 
rum (Figure 2). Titrations were seldom per- 
formed in parallel, and the test red cells were 
sometimes varied. Table II summarizes these 


results and shows the good recovery of cord se- 
rum agglutinins in single 0.02 M fractions from 
DEAE cellulose columns. 

2. Comparison of the 7S a and B isoagglutinin 
titers of maternal and cord sera, If the @ and B 
isoagglutinins of cord sera are 7S y,-globulins 
that can be recovered in 0.02 M fractions from 
DEAE cellulose columns, and if these isoagglu- 
tinins are of maternal origin, having diffused 
across the placental barrier, the 0.02 M fractions 
of maternal and cord serum pairs (collected at the 
time of delivery) should be expected to have iden- 
tical titer values, if equilibrium is attained. 

Eight pairs of maternal and cord sera, all type 
© and containing a and £ isoagglutinins, were 
fractionated on DEAE cellulose columns. The 
0.02 M fractions and the native maternal sera 
were titrated for a and £ isoagglutinins, and the 
results (summarized in Table III) show that the 
0.02 M fraction of the a and £ isoagglutinin ac- 
tivity in maternal serum is duplicated in the cord 
serum. The quantitative data of one of these ma- 
ternal-cord pairs, shown in Figure 2, reveals that 
these isoagglutinins, as well as other 7S y,-globu- 
lins without isoagglutinin activity, exist in equi- 
librium on both sides of the placenta. 

3. The occurrence of a and B isoagglutinins in 
the 0.02 M fractions of 110 prenatal specimens. 
Study of the cord sera of compatible pregnancies 
(7) has furnished some information concerning 
placenta-crossing ABO isoagglutinins, but there 
has been no method thus far to study such anti- 
bodies in unselected pregnancies in advance of 
delivery. The 0.02 M fractions of DEAE cellu- 


TABLE III 


Comparison of the a and B isoagglutinin titers * of maternal 
and cord sera obtained at delivery ¢ 


Isoagglutinin titer (reciprocal) 


Maternal 


Infant 0.02 M 0.02 M Native ma- 
fraction fraction ternal serum 

Specimen 
no. a B a B a B 
26,45 160 80 160 160 640 640 
56,61 40 4 40 20 160 160 
27/63 20 <2 20 <2 80 80 
107/119 80 40 40 80 320 640 
135/43 20 20 20 20 160 160 
139/157 20 40 20 40 160 160 
169/171 40 z 40 4 640 80 
265/268 64 64 $12 512 


* Unconcentrated single 0.02 M phosphate buffer, pH. 6.3, eluates 
which contained the most isoagglutinins were titrated, and the values 
adjusted for dilution over the volume of the native serum. 

+ Mothers and newborn all type O. 
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TABLE IV 


T he distribution of the ABO blood types of the newborn of 110 
mothers of types O, A and B 


Blood type, mother 


Blood type, 
newborn 


O 
A 
B 
AB 


Total 


lose columns offered such an opportunity, and 110 
prenatal specimens of type O, A and B patients 
were fractionated. Table IV shows the distribu- 
tion of the blood types of the newborn subsequently 
delivered, and Table V reveals the distribution of 
the a and £ isoagglutinins in maternal 0.02 M frac- 


tions. To be detected by the screening tests em- 


ployed, a titer of at least 1:2 was required. 

In this series, isoagglutinins were not observed 
in the 0.02 M fractions of the sera of 28 type A 
mothers and 9 type B mothers, but were observed 
in the sera of 53 out of 73 type O mothers. Devi- 
ation from our earlier results in study of compati- 
ble gestation (7) may be due to the dilution at 


which these tests were now performed. Whereas 
the cord serum of compatible newborn can be 
tested without dilution, the unconcentrated 0.02 M 
fractions represented a dilution of at least 1:2 
over the volume of the native serum that was 
placed on the cellulose columns. <A further slight 
dilution occurred when concentrated NaCl was 
added for isotonicity, and some loss of antibody 
was expected, because only one of several anti- 
body-containing, or potentially antibody-contain- 
ing, fractions was tested. This small study of 
0.02 M fractions revealed only that ABO isoag- 
glutinins in a titer of at least 1:2 were observed 
in 69 per cent of 73 type O mothers and were 


TABLE V 


The occurrence of « and 8 isoagglutinins of at least 1:2 titer 
in the 0.02 M phosphate buffer fractions of 110 mothers 
of blood types O, A and B 


Blood type, mother 


a only 
6 only 
No isoagglutinins 
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not observed in 37 mothers of type A or B. This 
is consistent with the strong association of ABO 
erythroblastosis with mothers of type O (16). 

Furthermore, it is of interest to note (Table V) 
that anti-B was observed in only 26 of 73 type O 
mothers, whereas anti-A was found in 51 of the 
same mothers. In addition, 8 without a was ob- 
served only twice, but a without 8 was encountered 
27 times. This preponderance of a@ activity might 
well be associated with the preponderance of 
erythroblastosis due to A incompatibility (7). 

4. Relative inhibition by specific soluble blood 
group substances of the isoagglutinins in the 0.02 
M fractions of 53 type O mothers. Table V re- 
veals that the placenta-crossing a and £ isoagglu- 
tinins contained in 7S y.-globulin fractions oc- 
cur commonly, but clinical ABO erythroblastosis 
is observed in only 1 of 200 newborn (23). This 
difference could be due to the protective effect of 
extraerythrocytic ABO antigens. 

Witebsky (11) suggested that “non-inhibitable”’ 
ABO isoaglutinins might be related to ABO 
erythroblastosis, but Zuelzer and Kaplan (6) 
noted a poor correlation. However, the study of 
total serum isoagglutinins (12) would not be in- 
formative, since the bulk of a and 8 antibodies are 
19S (20) (Table V), which not only fail to cross 
the placental barrier, but could confuse the results. 

The erythrocytic, tissue, and mucopolysac- 
charide ABO antigens, even of animal origin, 
share common structural groupings. On _ the 
other hand, agglutinins which are resistant to 
neutralization by large quantities of SSBGS per- 
mit a distinction between erythrocytic and extra- 
erythrocytic ABO antigens. Therefore, diffusible 
noninhibitable maternal isoantibodies, even of low 
titer, could be responsible for clinical ABO eryth- 
roblastosis. The 0.02 M cellulose column frac- 
tions of the isoagglutinins of 53 type O mothers, 
presented an opportunity to attack this problem 
directly. 

Titration of the ABO isoagglutinins in the 
0.02 M fractions of these 53 mothers yielded val- 
ues ranging from 1:4 to 1: 640, and little if any 
correlation with the native serum titers (Table IT). 
Of more importance were duplicate titrations to 
which SSBGS were added to each tube of the 
titration series. The concentration of the SSBGS 
was varied from 1:10 to 1:500 for A substance, 
and from 4:1 to 1: 500 for B substance, to deter- 
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TABLE VI 


Relative inhibition by specific soluble blood group substances of the isoagglutinins in the 


0.02 M phosphate buffer fractions of 53 type O mothers 


Number of mothers with noninhibitable isoagglutinins 


No. of 
mothers 
tested 


Blood 
type, 
newborn 


No. of isoag- 
glutinins tested 


11 


c 


4 
4 


36 
17 


All 53 51 
B 26 7 


100 40 20 10 1 


Highest dilution of SSBGS which fails to inhibit 
1 1 1 1 1 


1 


3 


3 
10 0 


* Same case; child had severe ABO erythroblastosis requiring transfusion. 
t Only four sera represented; two contained both noninhibitable a and 8, one contained only a and another only 8. 


mine that concentration which just failed to in- 
hibit visible agglutination. These results, cor- 
related with the ABO type of the newborn, are 
summarized in Table VI. The horse B substance 
used for these tests inhibited anti-B much less ef- 
fectively than the hog A substance inhibited anti-A. 

Five prenatal sera so studied for placenta-cross- 
ing antibodies were found to contain a and/or B 
agglutinins, neither of which could be neutralized 
by SSBGS at a concentration of 1:10 for A and 
4:1 for B. Four of these patients delivered type 
O newborn, but one delivered a type B child which 
required exchange transfusion therapy for se- 
vere ABO erythroblastosis. 

In 200 deliveries, approximately 90 type O 
mothers can be anticipated, and in the small series 
shown in Tables III, IV and V, 73 type O mothers 
were studied. Therefore, 0.8 case of ABO dis- 
ease was expected (23), and one case was en- 
countered, Type O mothers have incompatible 
offspring of types A, and B in approximately 30 
per cent of instances (the sum of the gene fre- 
quencies of A' and B), so that for every case of 
erythroblastosis, an additional two to three un- 
selected type O women should have similar ABO 
isoagglutinins which are of no importance to new- 
born of types O and A, (23). In the present se- 
ries, four such women were encountered. One of 
these patients happened to be primagravida, con- 
sistent with the fact that ABO disease may be ob- 
served in the first incompatible pregnancy. 


Table VI also shows that incompatible infants 
without evidence of hemolytic disease were de- 
livered from 17 type O mothers who had demon- 
strable isoagglutinins in their 0.02 M fractions. 
In 15 instances these antibodies had the specificity 
of the A or B antigen found on the cord erythro- 
cytes, and the titration values ranged from 1:4 
to 1:160. The mothers of 10 incompatible new- 
born were found to have such incompatible isoag- 
glutinins with a titer of at least 1:20. However, 
only one infant of this entire group had clinical 
disease, and the isoagglutinins in the 0.02 M frac- 
tion of this particular mother were highly resistant 
to inhibition by SSBGS, whereas the other nine 
were easily neutralized. Thus the inhibitable iso- 
agglutinins in 0.02 M fractions, regardless of titer, 
did not appear to cause erythroblastosis, whereas 
the noninhibitable isoagglutinins so separated, 
even of low titer, furnished the expected correla- 
tion. 

5. The nature of the isoagglutinins in the sera 
of mothers who have had infants with severe ABO 
erythroblastosis. Isoagglutinins eluted in 0.02 M 
fractions and resistant to inhibition by SSBGS are 
not common (Table VI), having been observed 
in only 5 of 110 prenatal specimens of blood types 
O, A and B. However, if such isoagglutinins are 
responsible for ABO erythroblastosis, they must 
occur in the sera of all women who have a his- 
tory of children with severe clinical disease. Seven 
patients with typical histories, including the case 
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Inhibition by hog (A) and horse (B) specific soluble blood group substances of the 0.02 M phosphate buffer fractions 


of maternal a and 8 isoagglutinins when the 


Titer (reciprocal) of 0.02 M fract 
agglutinins 


ABO Amount of A substance added 
type of 
affected 


child 


1 
40 


i 
100 


Case 
( 
20 


no, 
20 
nd 
nd 
nd 

} 

4 
nd 


40 
nd 
nd 
nd 
20 
10 
nd 


1 


* All mothers, type O. 
t No SSBGS added; titer of isoagglutinins. 
t Not done. 


from Table VI, were recalled for study, and the 
results are shown in Table VII. 

The sera of all of these women with a history 
of severe ABO erythroblastosis in previous preg- 
nancies revealed type-specific “noninhibitable” 
ABO isoagglutinins in a titer of at least 1:2 in 
their 0.02 M fractions. All newborn in this series 


required exchange transfusion treatment or de- 


veloped kernicterus because treatment was not 
available. One mother (no. 42) had delivered her 
last child eight years previously, thereby revealing 
how persistent these antibodies may be. 

6. The nature of the isoagglutinins in the serum 
type O with 
Increasing severity of ABO erythro- 


unselected donors immunized 
SSBGS. 


blastosis in later deliveries is seen occasionally. 


of} 


Significant increase in maternal ABO isoagglu- 
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re is a history of severe ABO erythroblastosis * 


ion in the presence of SSBGS 


agglutinins 


Titer of 
native serum 


Amount of B substance added 


1 
40 


i 
£00 


i 


y 
100 


B 


20 a 
320 
20 
160 
160 
640 
2,560 
320 


20 
nd 
nd 
nd 

40 


nd 


1,280 
160 
640 

2,560 

2,560 

1,280 
320 


10 
0 
2 
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0 

80 

20 


nd 
0 
2 
20 
0 
nd 
40 


40 
) 


4 
20 


60 
40 


tinins has not been observed during the course of 
an incompatible gestation nor after the delivery of 
a nonsecretor infant (6). On the other hand, titer 
in_reases have been noted post partum following 
the celivery of some ABO incompatible secretors 
(6), presumably due to the SSBGS content of 
amniotic fluid. 
whether SSBGS can incite noninhibitable isoag- 
glutinins that can be eluted in 0.02 M fractions. 
For information on this problem, the sera of 
five unselected type O donors, who had been im- 
munized with both A and B SSBGS for prepara- 
tion of anti-AB reagents (high titer type O sera), 
were fractionated on DEAE cellulose columns. 
The SSBGS which had been used for the im- 
munization of these donors were of the same 
source and manufacture as those employed in the 


This raises the question as to 
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titer of isoagglutinins. 
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present inhibition studies. The 0.02 M fractions 
of all five donor sera were found to contain non- 
inhibitable a and 8 isoagglutinins, resembling those 
in the sera of the mothers of erythroblastic in- 
fants. The results are summarized in Table VIII. 


DISCUSSION 

Severe ABO erythroblastosis is familial and 
often observed in the first ABO incompatible child 
(5, 6). Although almost all subsequent incom- 
patible infants are also affected, increasing se- 
verity of the disease is not seen regularly (12, 14). 
Thus ABO disease resembles Kh erythroblastosis 
in its familial incidence, but differs by not re- 
flecting so much evidence of specific maternal iso- 
immunization by the products of conception, 

Schiff (12) postulated that ABO erythroblasto- 
sis was to be expected when the maternal serum 
contained a special (“Type VI’) pattern of anti- 
bodies highly resistant to neutralization by 
SSBGS; but, to explain the absence of hemolytic 
disease in the incompatible children of some type 
© mothers of this description, he proposed pro- 
tection against the cross-reacting antibody de- 
Ohno (7). Since 
Schiff studied whole maternal serum, his conclu- 
sions must be reviewed in the light of the prop- 
erties of 7S maternal isoagglutinins. 


scribed by Rosenfield and 


If maternal isoagglutinins are to be responsible 
for erythroblastosis, they must not only cross the 
placental barrier but combine with fetal erythro- 
In the case of ABO isoagglutinins, extra- 
erythrocytic antigens occur in many tissues inde- 
pendent of the ABO secretor status (15) and ex- 
ert a protective effect of considerable magnitude, 
as evidenced by the low frequency of erythroblas- 
tosis despite the common occurrence of diffusible 


cytes. 


isoagglutinins (6, 8). 

At least four components, with sedimentation 
constants of 7S, 19S, 28S, and 44S, have been 
found in the y-globulin fractions of normal human 
serum (24), and recently Fahey and Morrison 
(20) showed that all of the ABO isoagglutinins 
have a sedimentation value of either 7S or 19S. 
The “non-y-globulin” isoagglutinins reported by 
Abelson and Rawson (19) appear to have been 
due to conditions of the separation (20). Abelson 
and Rawson also reported that noninhibitable 
ABO isoagglutinins were almost all located in 7S 
fractions; but in all cases, and at the same con- 
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centration of SSBGS that they employed, we 
found only a small part of the total isoagglutinins 
to be noninhibitable and to occur in both the 0.02 
M and the 1 M fractions if isoagglutinins were 
present at all in the former. 

Table III reveals that most ABO isoagglutinins 
are not y,-globulins and do not cross the placenta. 
Poorly inhibitable isoagglutinins eluted in 1 M 
fractions, although not shown in this report, were 
observed frequently and would contribute mis- 
leading information. 

Placental permeability and resistance in- 
hibition by SSBGS are certainly not the sole 
parameters of the problem of ABO erythroblasto- 
sis, but their contribution must be of primary 
consideration. Other contributing factors in- 
clude the expression of erythrocytic ABO antigens 
because A, children tend to be spared (6); the 
secretor status because erythroblastotic infants 
tend to be secretors (5, 13, 6, 14) ; and the ability 
of the affected newborn to cope with a hemolytic 
syndrome (4). These and, probably, other vari- 
ables must be studied. If the noninhibitable iso- 
agglutinins of 0.02 M fractions are responsible 
for ABO erythroblastosis, there is now an oppor- 
tunity to attack these secondary problems. 

The present report raises an immediate prob- 
lem concerning the nature of noninhibitable iso- 
agglutinins shown to be associated with erythro- 
blastosis. If these antibodies can be incited by 
SSBGS (Table VIII), they should not represent 
antigenic structural grouping differences between 
erythrocytes and SSBGS. _ Instead, dif- 
ferences could reflect the heterogeneity of anti- 
hody molecules with respect to the size of their 
specific combining sites (25, 26). Kabat (25, 26) 
has demonstrated that antidextran molecules vary 
considerably in the size of their combining sites, 
with the upper limit being sites complementary to 


these 


terminal nonreducing chains of six or seven glu- 
cose units in a-1,6 linkage. Thus, although 
erythrocytes of types A, and B might agglutinate 
with antibody molecules having combining sites 
of any size, SSBGS might form reversible com- 
plexes with some antibody molecules which could 
be released in sufficient amount to support visible 
Al- 


ternatively, nonspecific anamnestic response is re- 


agglutination under selected circumstances. 


quired to explain the observations shown in Table 


VIII. 
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The term “immune” for agglutinins which cross 
the placenta, as opposed to “natural” saline ag- 
glutinins (8, 27), is not supported by the present 
data. All ABO agglutinins appear to be immune 
responses to antigenic structural groupings re- 
sembling those defined by Kabat (10) for human 
blood group substances. 

The nature of the distinction between A, and A, 
red cells is also subject to review. Anti-A, re- 
agents of human, animal or plant origin are highly 
susceptible to inhibition by SSBGS, and precipi- 
tate with SSBGS in common with anti@A (28). 
The distinction made by these reagents thus ap- 
pears to be on a quantitative basis: there is more 
A on A, cells than on A, cells. On the other hand, 
anti-A inhibited with SSBGS toward A, cells, may 
persist in agglutinating A, cells. The problem cf 
the specificity of noninhibitable anti-A, as related 
to the restricted occurrence of erythroblastosis in 
type A, offspring, is now under investigation. 

The column chromatographic isolation of iso- 
agglutinins which can cross the placenta appears 
to be a valuable method for the study of all forms 
of maternal isoimmunization in relation to erythro- 
blastosis. This method is now being used for its 
applicability to Rh problems, and the results ap- 
pear promising, but not identical with the report 
of Abelson and Rawson (29). 

The column chromatographic method requires 
at least two days to perform and is not feasible for 
rapid diagnosis in the newborn period. For pre- 
natal tests, the method appears to be practical. 


SUMMARY AND CONCLUSION 


1. ABO isoagglutinins associated with the bulk 
of 7S y.-globulins were separated from other se- 
rum proteins by anion exchange column chroma- 
tography. 

2. The ABO isoagglutinin activity of 33 cord 
blood sera was found to be restricted to 7S y,-glob- 
ulin-containing fractions. 

3. Maternal serum ABO isoagglutinins were en- 
chiefly in 
fractions, but paired specimens of maternal and 
cord sera obtained at the time of delivery revealed 
that the 7S y.-globulins as well as the associated 


countered macroglobulin-containing 


isoagglutinins existed in equilibrium on both sides 
of the placenta. 

4. Out of 110 unselected prenatal sera, isoag- 
glutinins, in a titer of at least 1:2 in acacia, were 
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eluted in 0.02 M phosphate buffer, pH 6.3, in 53 
of 73 type O mothers, but not in 28 type A and 9 
type B women. Anti-A (a) was noted in 51 of 
these fractions, but anti-B (8) in only 27. These 
findings were considered to be consistent with the 
rarity of ABO erythroblastosis in offspring of 
mothers not of type O, and with the excess of 
erythroblastosis due to anti-A. 

5. When these 53 examples of chromatographi- 
cally separated isoagglutinins were tested for re- 
sistance to inhibition by specific soluble blood group 
substances (SSBGS) (hog A and horse B), only 
5 contained markedly resistant antibodies. Four 
of these mothers delivered type O children, but one 
mother delivered a type B child who had erythro- 
blastosis and required exchange transfusion ther- 
apy. An additional nine mothers in this series 
also delivered ABQO-incompatible newborn, and 
their 0.02 M fractions contained type-specific iso- 
agglutinins in a titer ranging from 1: 20 to 1: 160, 
but in each instance these antibodies were readily 
inhibitable with SSBGS, and clinical erythroblasto- 
sis was not observed. 

6. Six other women with a history of having had 
one or more children with severe ABO erythro- 
blastosis, and five unselected donors who had been 
immunized previously with SSBGS were all found 


to have such type-specific noninhibitable isoag- 


glutinins. 
7. The use of these methods in prenatal tests is 
implied. 
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The possibility of reducing elevated blood cho- 
lesterol levels with agents that inhibit endogenous 
biosynthesis of cholesterol is an attractive one, 
since dietary treatment is sometimes difficult to 
achieve and almost always difficult to maintain. 
Some of the theoretical aspects of such an ap- 
proach have heen outlined (3, 4), and the feasi- 
lility of the approach has been established in ex- 
perimental animals. For example, it has been 
shown that A*-cholestenone, a potent inhibitor of 
cholesterol biosynthesis (5), can indeed lower 
levels of blood cholesterol (3,6). Unfortunately, 
the feeding of A‘-cholestenone in man and animals 
leads to accumulation of dihydrocholesterol in the 
serum (7) and this latter compound is known to 
he itself atherogenic (8). Certain other inhibi- 
tory substances have been explored but either 
have proved to be relatively ineffective (9, 10) 


or have not yet been adequately tested clinically 
(11, 12). 

In 1959 Blohm, MacKenzie, Kariya and Laugh- 
lin at the William S. Merrell Company reported 


their finding of a new inhibitor of cholesterol syn- 
thesis, MER-29 (1-[p-8-diethylaminoethoxy ) - 
phenyl |-1-(p-tolyl)-2-(p-chlorophenyl) ethanol). 
Their studies indicated that the compound blocked 
synthesis at some point subsequent to the forma- 
tion of lanosterol (13) and that serum and tissue 
levels of cholesterol were reduced in experimental 
animals (14). 


demonstrated 


Animal studies in this laboratory 
the accumulation of desmosterol 
(24-dehydrocholesterol) in the tissues of MER- 
29-treated animals, and a series of isotopic studies 
established that the major site of action of the 
drug was at the last step in cholesterol biosynthe- 
sis—namely, in the reduction of desmosterol to 


* Preliminary reports of this work were presented at 
the Conference on MER-29 (Triparanol), December 
1959, Princeton, N. J. (1) and at the meetings of the 
Federation of American Societies for Experimental Bi- 
ology, April 1960, Chicago, Ill. (2). 


cholesterol (1, 15, 16). The present paper re- 
ports clinical studies which show that the mecha- 
nism of action in man is similar to that in animals. 
The degree of accumulation of desmosterol in the 
serum of treated patients and the changes in cho- 
lesterol level are reported. The analytical prob- 
lems involved in determining serum desmosterol 
levels are discussed, and the feasibility of using 
gas-liquid chromatography for separation of des- 
mosterol and cholesterol is demonstrated. Finally, 
the rates of esterification of serum desmosterol 
and serum cholesterol are compared. 


METHODS 


were admitted to a metabolic ward of the 
Clinical Center and placed on an isocaloric diet of con- 
stant composition (three patients, studied in the outpatient 
department, followed a prescribed low animal fat diet, 
but its composition was not measured). The patients 
were maintained on their diets for a period of at least 
Then MER-29 was 
given orally in a single daily dose of either 100 or 250 
mg. 

Blood samples from the antecubital vein were taken in 
the morning, two or three times a week, after an over- 
night fast. The serum samples were analyzed for cho- 
lesterol and desmosterol as described below. 

Determination of cholesterol and desmosterol in serum. 
Sera were extracted with 25 vol of 1:1 alcohol: acetone 
(vol/vol) and the free sterols were precipitated from 
aliquots of these extracts as digitonides. Other aliquots 
were treated with KOH for 1 hour at 40° C, 
with acetic acid and the total sterols were precipitated as 
The sterol digitonides derived from the 
free and the total sterol fractions were washed with 50 
per cent aqueous alcohol, 2:1 ether: acetone (vol/vol) 
and ether, and dried. The precipitates were cleaved with 
dry pyridine at 100° C for 10 to 30 minutes. Twenty vol 
of ether was then added, the precipitated digitonin was 


Patients 


2 weeks before treatment was begun. 


neutralized 


digitonides. 


separated by centrifugation and the precipitate was washed 
once with ether. The pooled ether supernatants were 
taken to dryness and the sterols were re-extracted with 
dry ether, which was again removed by evaporation. The 
sterols were determined by the method of Abell, Levy, 
Brodie and Kendall (17) modified to permit separate es- 
timation of cholesterol and desmosterol, as described in 
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detail elsewhere (18). This method depends on reading 
the optical densities of the products of the Liebermann- 
Burchard reaction at 635 my after 35 minutes and at 
420 mu after 90 minutes. Calculation of the amounts of 
cholesterol and desmosterol present is based on the dif- 
ferent absorption spectra of the colored products derived 
from the two sterols. Standards of pure cholesterol and 
desmosterol were analyzed with each series of determina- 
tions. Pure desmosterol was obtained, either by isolation 
from livers of rats fed MER-29 (18) or synthetically 
from 25-norketocholesterol by methylation with a Grig- 
nard reagent and dehydration of the resulting 25-hydroxy- 
cholesterol! (19). 

Radioisotopic studies. On the mornings when radio- 
isotopic studies were initiated, food was withheld until 
after the collection of the 4-hour blood sample. Twenty- 
five uc of a saline solution of 2-C’-mevalonic acid (ap- 
proximately 8 mg) was rapidly injected into the ante- 
cubital vein. Blood samples were taken at 1, 2, 3, 4, 12, 
and 24 hours, the first samples from the opposite arm. 
In one study samples were also taken at 7, 14, and 21 
days. 

The free sterols were precipitated as digitonides from 
extracts of 10 to 50 ml of serum and the precipitate was 
washed as described for the analytical determination. 
The combined supernatant and washes were evaporated 
to dryness and the residue was saponified in ethanolic 
KOH. The nonsaponifiable materials were extracted with 
heptane and the extract was backwashed with water. 
The heptane extract was taken to dryness, the residue 
was redissolved in ethanol and the sterols were pre- 
cipitated with digitonin and washed as usual. The digi- 
tonides of both the free and the esterified sterol frac- 
tions were subsequently cleaved with pyridine and ex- 
tracted with ether as described above. Small aliquots of 
these samples were taken for counting of radioactivity 
and for colorimetric determination, which permitted the 
calculation of the specific radioactivities of the unfrac- 
tionated free and esterified sterols. In some studies the 
cholesterol and desmosterol in both free and ester sterol 
fractions were separated by chromatography of their 
yellow-colored p-phenylazobenzoyl esters on columns of 
silicic acid: Celite 2:1 (20). Some of the samples to be 
chromatographed contained only 5 to 10 mg of total 
sterols, and small columns, 8 mm in diameter, had to be 
used. On this small scale complete separation of the 
two sterol bands was not obtained. After the yellow 
ester zone had run almost to the bottom of the column, 
the silicic acid cylinder was mechanically extruded and 
slices were taken from the slowest and fastest moving 
portions. These zones were individually extracted with 
benzene. After saponification in methanolic KOH, the 
sterols were extracted with heptane, washed with water 
and divided into two aliquots for counting of radioactivity 
and for colorimetric determination of cholesterol and 
desmosterol. Knowing the analytical values for the two 
sterols in the samples counted, it was possible to calcu- 


Mean 0.29 


Free, total ratio 


Cholesterol 


desmosterol 


Free sterols 


I 


Mean 26 


Desmos- 


Total sterols 


Choles- 


Days on 


Serum concentrations of desmosterol reached during treatment with MER-29 and comparison of free/total ratios for cholesterol and for desmosterol 
MER-29 


J.McC. 


ree 


Patient 
A.T.M. 
M.V.B.(2)* 
W.F.B. 


M.S.C. 


* Two trials of the drug, separated by about 6 weeks. 


1 The authors wish to thank Dr. E. Mosettig and Mr. 
R. T. Brown for preparing the synthetic material. 
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late the two specific radioactivities individually, even 
though the desmosterol was contaminated with a small 
amount of cholesterol and vice versa. 

Separation of sterols by gas-liquid chromatography was 
done according to yanden Heuvel, Sweeley and Horning 
(21). The column was packed with Chromosorb W, 
coated with silicone rubber (G.E. SE-30). The chromato- 
graphic runs were carried out at 220° C. 


RESULTS 


As shown in Table I, all patients treated with 
MER-29 had desmosterol in their serum. On the 
other hand, attempts to demonstrate desmosterol 
in normal serum, both by column chromatography 
of p-phenylazobenzoyl esters of the total sterol 
fraction and directly by gas-liquid chromatography, 
were unsuccessful. The sensitivity of these meth- 
ods as applied is such that the level of desmosterol 
in normal serum can be no greater than 0.1 per 
cent of the total sterols. During MER-29 treat- 
ment, in most patients the serum desmosterol 
reached a level of between 25 and 55 mg per 100 
ml, or on the average, about 27 per cent of the 
total circulating sterols. Patient M.V.B. showed 
quite a distinctive response, reaching desmosterol 
levels of 155 and 114 mg per 100 ml, respectively, 
in two separate trials of the drug at 100 mg per 
day. In this case the desmosterol in the serum 
represented about 40 per cent of the total circulat- 
ing sterols. 

The time course of the appearance of desmos- 
terol in the serum is typified by the results shown 
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the same as those in Figure 1. 


in Figure 1. The desmosterol concentration rose 
rather quickly after the start of treatment, reached 
a plateau in about 2 weeks and then remained flat 
during continued treatment. Within 2 weeks after 
discontinuing the drug, desmosterol had disap- 
peared from the serum. There was no evidence 
for continuing accumulation of desmosterol in 
the serum, and after a period of drug treatment it 
reached a fairly constant level characteristic for 
each patient. A similar time course in two sepa- 
rate trials of the drug in Patient M.V.B. is shown 
in Figure 2. 

Although there was some variability, the rela- 
tive amounts of desmosterol present in the free 
sterol fraction and the relative amounts of des- 
mosterol in the total sterol fraction (averages 30.3 
and 26.7 per cent, respectively) were comparable. 
As can be seen in Table I, the free to total ratio 
for circulating desmosterol was not significantly 
different from the free to total ratio for circulating 
cholesterol. 

Evaluation of changes in serum sterol levels. 
As has been previously reported (1), the color 
yield of desmosterol in the Liebermann-Burchard 
reaction is only about 60 per cent of the color yield 
given by cholesterol. Consequently, use of this 
method, the basis of most clinical procedures for 
serum sterol analysis, will give misleading results 
in patients under treatment with MER-29, In 
the present studies, use was made of the differen- 
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tial colorimetric method of Avigan and co-workers 
(18) to determine the true levels of cholesterol 
and desmosterol. 

Preliminary results using gas-liquid chroma- 
tography (21) suggest the usefulness of this tech- 
nique, when available, for estimating desmosterol 
in the serum.* An analytical record obtained of 
the total digitonin-precipitable sterol fraction of a 
patient under treatment with MER-29 is shown 
in Figure 3. Cholesterol emerged first with a 
retention time of 36 minutes and desmosterol fol- 
lowed, with a retention of 39.7 minutes. Because 
of an overlap and some tailing, precise measure- 
ment of relative concentrations was not possible, 
but the calculated results agreed well with those 
obtained on the same sample using the differen- 
tial colorimetric method. Different liquid phases 
and different conditions for chromatography are 
under study in attempts to improve this resolution. 
It is of interest to note that at the sensitivity em- 
ployed no sterols other than desmosterol and 

2 We acknowledge with thanks the helpful assistance 
of Dr. W. J. A. vanden Heuvel, Dr. E. C. Horning and 
Dr. A. Karmen in these gas-liquid chromatographic 


studies. 


True True 
Control —choles- total 
Dosage Days choles- terol sterol 

of on terol level on level on 

Patient MER-29 drug level therapy therapy 
mg/day no, mg % mg % mg % 
L.J.McC. 100 27 219 152 192 
TAS. 250 16 206 167 207 
M.J.C. 100 19 174 112 141 


W.F.B.t 100 20 264 172 206 


100 190 


G.B.§ 100 21 313 180 239 
A.T.M.§ 100 15 289 219 274 
P.J.B.§ 250 109 166 89 118 
E.H. 250 14 227 148 192 


M.V.B.t 100 17 302 187 332 


(1) 
M.V.B. 100 21 310 211 233 
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TABLE 


Changes in true * total serum sterol levels and changes in apparent + (Liebermann-Burchard) 
serum sterol levels with MER-29 treatment 


* Determined by the differential colorimetric method described in the text. 
+ Value that would have been obtained based on color yield of cholesterol alone. 


Fic. 3. GAS CHROMATOGRAM OF STEROLS ISOLATED FROM 
SERUM OF PATIENT M.V.B. TREATED WITH MER-29. The 
larger peak, cholesterol; the smaller, desmosterol. 


cholesterol were detected in the digitonin-precipi- 
table fraction of this patient’s serum. 

The true cholesterol levels in patients during 
control periods and under treatment with MER-29 
are summarized in Table II]. The nature of the 
diet is indicated in the last column of the table. 
Every patient showed a marked drop in true cho- 
lesterol level; the absolute changes ranged from 
39 to 131 mg per 100 ml (average 83) ; the per- 
centage changes ranged from 18.9 to 46.3 per cent 
(mean 34.0). It should be noted that neither the 


II 


Apparent 
sterol Change in 
Change in level on apparent 
true sterols therapy sterols Diet 
% me % % 
130 _25 animal fat 
—22 192 —27 
20% calories, 
174 animal fat 
9 
—29 102 —39 
—15 175 —23 40°% calories, 
corn oil 
Mean —16 Mean —23 
+10 274 60 calories, 
47 288 if corn oil 


t These patients had two independent trials on the drug separated by several months. 
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TABLE Ill 
Comparison of specific radioactivities of serum free desmosterol 
and serum free cholesterol 4 hours after intravenous injection 


of 2-C-mevalonic acid in patients under treatment with 
MER-29 


Specific radioactivity 


Experi 
ment Free desmos- Free choles- 
no. terol terol 
cpm,/meg 
1 1,765 11 
2 1,949 0 
3 838 62 


absolute nor the relative changes in cholesterol 
level were distinctly different in the patients con- 
suming animal fat (containing from 600 to 1,000 
mg of cholesterol daily) from the changes seen in 
patients on corn oil formula (containing virtually 
no cholesterol ). 

Because of the simultaneous accumulation of 
desmosterol in the serum, the changes in true total 
serum sterol level were much less striking. Six 
patients showed a drop, in one there was no 
change, and in one there was actually a rise (Table 
Il). 
in Patient W.F.B., whose response was fairly typi- 
cal, and in Patient M.V.B., whose total sterol level 
rose under treatment, are shown in Figures 1 and 
2, respectively. If the results in Patient M.V.B. 
are excluded and the results of the two separate 


The results of individual time course studies 


trials in Patient W.F.B. are averaged, the mean 
drop in true total serum sterol level was 15 per 
cent. If all the results are grouped together the 
mean drop was 11 per cent. 

The calculated changes in apparent sterol level 
that would have been obtained using standard 
clinical methods based on the Liebermann-Burch- 
ard color reaction are also shown in Table IT. 
Because of the lower color yield given by desmos- 
terol, the apparent changes are greater, averaging 
23 per cent if Patient M.V.B. is excluded or 21 
per cent for the group as a whole. 

It is pertinent to note that there was a drop in 
apparent sterol level in the case of Patient M.V.B. 
even though the true sterol level actually rose 
slightly. 

Radioisotopic studies. In patients under treat- 
ment with MER-29, the specific radioactivity of 
serum free desmosterol 4 hours after intravenous 
injection of 2-C'-mevalonic acid was at least 
an order of magnitude higher than the specific ra- 
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dioactivity of serum free cholesterol (Table IIT), 
compatible with a precursor product relationship. 
The data shown in Figure 4, from a study in 
which the specific radioactivities of the two sterols 
were followed for 3 weeks after injection of la- 
beled mevalonate, also support the conclusion that 
desmosterol is an immediate percursor of choles- 
terol. The specific radioactivity of desmosterol 
remained higher than that of cholesterol for about 
2 weeks, at which point the specific radioactivity 
curves intersected. These results support the 
interpretation that in man, as in experimental ani- 
mals, the drug effectively blocks the reduction of 
desmosterol to cholesterol. That the inhibition of 
this reaction is quite marked is shown by the 
length of time taken for the curves of specific ra- 
dioactivity to cross. 

As shown in Figure 4, the curve of specific ra- 
dioactivity of ester desmosterol rose during the 
first 48 hours after injection of 2-C'-mevalonate, 
crossed the curve for free desmosterol and then 
fell in parallel with, but slightly above it. The re- 
lation between the curves is that of precursor and 
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EFFECTS OF TRIPARANOL. 


The rate of conversion of free 
appears to be 
cholesterol by 


product (22 
desmosterol to ester desmosterol 
quite similar to that reported for 
Hellman (23) and Eckles (24), 
workers and is confirmed in the control studies 


and their co- 


reported below. 

A series of experiments was carried out, in 
which the rate of appearance of radioactivity from 
injected 2-C'*-mevalonate was determined during 
drug treatment and during a control period. Each 
patient served as his own control in these studies. 


The specific radioactivity of the unfractionated 
digitonin-precipitable sterols was determined in 
the hope of establishing whether or not the over- 
all rate of synthesis and delivery of the sum of the 
two sterols into the serum was reduced by drug 
treatment. 

Representative results are shown in Figures 5 
and 6. In Figure 6 there was no lowering effect 
of MER-29 on the incorporation of label into se- 
rum sterols, The general shape of the curves is 
little affected by treatment with MER-29. As 
can be seen from the results in Table III, most of 
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O—0 Free sterols, control period 

@— Free sterols, MER-29 period 
o—o Ester sterols, control period 
e—« Ester sterols, MER-29 period 


SPECIFIC RADIOACTIVITY (c. p.m. / mg.) 
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PATIENT 


iG. 5. SPECIFIC RADIOACTIVITY OF FREE 
FIED UNFRACTIONATED STEROLS IN SERUM OF 
M.J.C. puRING ConTROL AND MER-29 pertops, 
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6 12 18 
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PATIENT 


FREE 
SERUM OF 


Fic. 6. SpeEcIFIC RADIOACTIVITY OF 
FIED UNFRACTIONATED STEROLS IN 
L.J.McC. purinc contro. AND MER-29 pertops. 


the radioactivity in the serum sterols during the 
first few hours of each experiment during drug 
treatment was present as desmosterol. The fact 
that the specific radioactivtiy of the ester sterol ap- 
proaches the specific radioactivity of the free 
sterols at similar rates during experimental and 
control periods indicates, then, that the esterifica- 
tion of desmosterol proceeds at a rate comparable 
with that for esterification of cholesterol in the 
normal individual. This is consistent with the 
analyses for free to ester ratio discussed above, 
which indicate that the steady state degree of 
esterification of desmosterol is comparable with 
that of cholesterol. 

Comparison of the specific radioactivities of se- 
rum free sterols 3 hours after injection of radioac- 
tive mevalonate, during a control period on the one 
hand and during MER-29 treatment on the other 
hand, shows a quantitatively variable but quali- 
tatively consistent difference. On the average, 
the peak specific radioactivity during treatment 
was 16 per cent lower than that during the con- 


trol period (Table IV). During the period of 
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TABLE IV 


Specific radioactivity and total radioactivity of unfractionated serum sterols 3 hours after 2-C'*-mevalonate 
injection during a control period and during treatment with MER-29 


Specific radioactivity of 
unfractionated serum free 
sterols 3 hrs after injec- 
tion of 2-C'4-mevalonate 
MER-29 


Control 
i period 


Patient period Difference 
cpm;meg 

501 

616 

650 

461 

501 

411 


448 
545 
660 
308 
468 
254 


P.J.B. 
WF.B. 
M.V.B. 
M.J.C. 
L.J.McC. 
G.B. 


Mean —16.5 


MER-29 treatment, however, the absolute con- 
centration of free sterols was lower than during 
the control period. Consequently, the difference 
in total radioactivity in the serum free sterols is 
even greater. Analyzed in this way, the synthesis 
and delivery of radioactive sterol to the serum was 
22 per cent less during treatment. 


DISCUSSION 


Treatment with MER-29 in this limited series 
of cases led consistently to a marked decrease in 
the true cholesterol concentration in the serum 
(mean depression, 34 per cent). There was a 
simultaneous appearance of desmosterol in the 
serum at concentrations generally ranging from 
25 to 55 mg per 100 ml. In a patient with fa- 
milial hypercholesterolemia and xanthoma tendi- 
nosum, the desmosterol concentration in the serum 
rose to well over 100 mg per 100 ml. In this case 
the total serum sterol level actually rose slightly 
under treatment. If this case is excluded from 
the results, the mean drop in true sterol level 
was 16 per cent (range 0 to 23). These results 
cannot be directly compared with those of most 
of the clinical trials reported in the literature, be- 
cause the investigators, not yet being aware of the 
occurrence of desmosterol in the serum and the 
analytical problem posed by it, have generally used 
simpler methods based on the Liebermann-Burch- 
ard reaction (25-27). Because of the low color 
yield given by desmosterol, use of such methods 
gives a result that is too low for the true serum 
sterol level. In the present series, for example, 
the change in serum sterol level as a result of 


Total radioactivity (unfrac- 
tionated serum free sterols/ 
100 ml serum) 3 hrs after 
injection of 2-C'*-mevalonate 


MER-29 
period 


Control 


period Difference 


cpm/100 ml % 
24,000 
38,200 
57,200 
22,100 
31,500 


—25 
—14 
—i1 
—44 


25,700 —18 


Mean —22.4 


treatment, estimated by use of the Liebermann- 
Burchard reaction, would have been 23 per cent 
rather than the true change of 16 per cent. Re- 
cently, Hollander, Chobanian and Wilkins (28) 
reported results in a series of patients in whom 
the true total serum sterol level was determined by 
measuring total digitonin-precipitable sterols gravi- 
metrically. In 12 patients treated for 2 to 47 
weeks they found a mean drop in true sterol level 
of 17 per cent and estimated desmosterol levels 
ranging from 8 to 83 mg per 100 ml. These re- 
sults and those of the present study are in rather 
good agreement. 

Any interpretation of the therapeutic signifi- 
cance of the study depends importantly upon 
whether desmosterol is considered to be equipo- 
tential with cholesterol as an atherogenic agent 
or whether its atherogenicity is different from 
that of cholesterol. As yet there is no experi- 
mental basis for deciding objectively on an answer 
to this problem. Still, it is worthy of note that 
desmosterol is remarkably like cholesterol in many 
of its properties. Its physical properties are simi- 
lar to the point that separation by ordinary meth- 
ods is extremely difficult. The distribution of 
desmosterol among the lipoprotein fractions is 
comparable with that of cholesterol (29). The 
rate of esterification of desmosterol, as shown 
here, is quite comparable with the rate of esterifi- 
cation of cholesterol in the same individual and the 
steady state free/ester ratio for desmosterol is 
the same as that for cholesterol. Animal studies 
have shown that, with high dosages of MER-29, 
desmosterol represents a major sterol component 
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in many body tissues (18), indicating that it can 
replace cholesterol in the structural components 
of tissues, including red blood cells. All of these 
points taken together make it seem unlikely that 
the rate of deposition of desmosterol into athero- 
mata will be found to be significantly different 
from that of cholesterol. At least until there is 
evidence to the contrary, the most reasonable hy- 
pothesis is that the two sterols are equipotential in 
atherogenicity. 

Should this be the case, then the results of treat- 
ment must be evaluated on the basis of changes in 
total sterol level. These changes are variable from 
patient to patient, and it is important to recognize 
that some patients show no response or even an 
increase in total sterols. On the other hand, there 
are some patients in whom the total sterol level 
drops significantly, and the mean drop is in the 
neighborhood of 15 per cent. This degree of re- 
sponse compares unfavorably with the therapeutic 
responses that have been obtained using dietary 
treatment with unsaturated fat, or low fat diets, 
or with nicotinic acid (30-32). 

In view of what appears to be a very marked 
inhibition of endogenous cholesterol production, 
it might have been anticipated that responses of 
cholesterol level would be exaggerated in the ab- 
sence of exogenous cholesterol. Although only a 
few patients are available for comparison, it is 
of interest to note that there appeared to be no 
strikingly different response in patients on a diet 
devoid of cholesterel than in the patients receiv- 
ing exogenous cholesterol (1). 

The results of the present study lead us to con- 
clude that the mechanism of action of MER-29 in 
man is, as in experimental animals, an inhibition 
of the reduction of desmosterol to cholesterol. 
The conclusion is supported by the accumulation 
of desmosterol in the serum and in the red blood 
celis during treatment. It is further supported by 
the isotopic data showing that, after injection of 
2-C'4-mevalonic acid, the specific radioactivity of 
desmosterol in the serum is one to two orders of 
magnitude higher than that of cholesterol in the 
serum. These specific radioactivities did not ap- 
proach each other until about 2 weeks after in- 
jection of the labeled precursor, indicating that 
the degree of inhibition is marked. 

The studies, in which the rate of appearance 
of radioactivity in unfractionated serum sterols 
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(desmosterol plus cholesterol) was measured, are 
difficult to interepret. The peak specific radio- 
activity during treatment with MER-29 was 
slightly lower (mean 16.5 per cent). The results 
when expressed in terms of the total radioactivity 
in circulating sterols showed a somewhat more 
impressive difference (mean 24.4 per cent). 
Whichever way the results are expressed, there 
does appear to be an inhibition in the rate of syn- 
thesis of labeled sterols and their delivery into the 
serum. However, the percentage inhibition is 
relatively small despite the fact that the block in 
conversion of desmosterol to cholesterol appears 
to be quite effective, as shown by the slowness with 
which the specific radioactivity of cholesterol rises 
(Figure 4). One tentative interpretation must 
be that, although there is a significant degree of 
inhibition of the conversion of desmosterol to cho- 
lesterol, leading to a reduction in serum choles- 
terol levels, the decreased rate of delivery of cho- 
lesterol into the serum is virtually compensated by 
the increased rate of delivery of desmosterol. The 
interpretation is complicated by the facts that the 
pool of desmosterol is smaller than the pool of 
cholesterol and that the exchange of each of the 
two labeled sterols between tissue compartments 
may be proceeding at a quite different rate. Of 
particular relevance is the rate at which labeled 
sterol, newly synthesized in the liver, gets into the 
serum by isotopic exchange reactions relative to 
the rate at which it enters the serum compartment 
as a result of net secretion of sterol-containing 
lipoprotein molecules. 

MER-29 is the first pharmacological inhibitor 
of cholesterol biosynthesis for which a definite 
site of action has been established. The drug 
appears to be free of at least short-term unde- 
sirable side effects, and it depresses total serum 
sterol concentrations. However, because of the 
accumulation of desmostero!, the response in 
terms of total sterol levels is not dramatic. More- 
over, the long-term biological effects of desmos- 
terol remain to be evaluated, 


SUMMARY 


1. In the nine cases studied, treatment with 
MER-29 was always associated with the appear- 
ance of desmosterol in the serum, which accounted 
for 19 to 43 per cent (average 27) of the total 
The free to total ratio for 


circulating sterols. 
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circulating desmosterol was not significantly dif- 
ferent from that of cholesterol, 

2. All of the patients treated showed a marked 
drop in serum cholesterol concentration (average 
34.0 per cent) but because of the simultaneous ac- 
cumulation of desmosterol, total sterol levels were 
depressed by only 15 per cent. 

3. A method for determining desmosterol in 
the presence of cholesterol is described. It is 
demonstrated that the usual analytical procedures 
yield low values for total sterol levels when des- 
mosterol is present. 

4. After intravenous injection of 2-C'*-mevalo- 
nate in patients under treatment with MER-29, 
the specific radioactivity of serum desmosterol 
was at least an order of magnitude higher than 
that of cholesterol. The specific radioactivities of 
the two sterols did not become equal until 2 weeks 
after injection of labeled mevalonate. 

5. The specific radioactivity of esterified des- 
mosterol, low during the early hours, rose and be- 
came equal to the specific radioactivity of free des- 
mosterol at 24 to 48 hours after injection of la- 
beled mevalonate. 

6. After injection of 2-C'*-mevalonate, the peak 


specific radioactivity and total radioactivity in the 
unfractionated serum sterols during treatment 
with MER-29 were significantly lower than dur- 


ing control periods. 

7. It is concluded that the mechanism of action 
of MER-29 in man is to inhibit the reduction of 
desmosterol to cholesterol and that the depression 
of serum cholesterol levels and total serum sterol 
levels is attributable to this inhibition at the final 
step in cholesterol biosynthesis. 
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THE SERUM LIPIDS IN MEN RECEIVING HIGH CHOLESTEROL 
AND CHOLESTEROL-FREE DIETS * 
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City, Iowa) 
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In a previous study we found that dietary cho- 
lesterol provided in the form of egg yolk had a 
great effect upon the serum cholesterol and phos- 
pholipid levels in healthy human subjects (2). 
This effect was obtained with the use of high cho- 
lesterol and cholesterol-free diets which were bal- 
anced closely in the amounts of fat and in fatty 
acid composition. The range of cholesterol in- 
take so tested was from 1,700 to 4,800 mg per day, 
amounts clearly above the usual daily American 
consumption of 500 to 1,000 mg. The present 
investigation was designed to examine the serum 
lipid responses of six men given dietary choles- 
terol as egg yolk in amounts compatible with 
usual dietary intakes. The effects of egg yolk cho- 
lesterol and crystalline cholesterol were also com- 
pared. 


METHODS 


Subjects. Six men, aged 41 to 52 years, were selected 
from prison volunteers and hospitalized on a metabolic 
ward for 13 weeks. After a complete medical examina- 
tion they were found to be in good health; none was obese. 
Their urinalyses, blood counts, erythrocyte sedimenta- 
tion rates and chest X-rays were normal. 

Dietary plan. Initially, the men received a general 
diet for 1 week (3,000 calories, 70 g protein, 120 g fat, and 
425 mg cholesterol). They then were given various 
experimental formulas as the sole source of nourishment 
for the next 12 weeks. Each man received the formula 
in three separate meals administered through an intra- 
gastric tube in order to insure precise quantities of each 
nutrient. 

Aside from differences in their content of egg yolk and 
crystalline cholesterol, the formulas of all subjects were 
identical for each period (Table I). The caloric con- 
tent was 3,000; the protein was 70 g derived from casein, 


* Presented in part at the Annual Meeting of the Ameri- 
can Heart Association, Council on Arteriosclerosis, St. 


Louis, October 21, 1960 (1). Supported by research 
grants from the National Institutes of Health, the Amer- 
ican and Iowa Heart Associations, the Nutrition Founda- 
tion, the National Vitamin Foundation, and the Ameri- 
can Cancer Society. 


except during period II when small components of the 
total protein were derived from egg yolk. The carbohy- 
drate was supplied from a mixture of cornstarch, Dextri- 
maltose and sucrose. The basic formula contained normal 
amounts of required vitamins and minerals. 

In each period the fat supplied 40 per cent of the total 
calories. It consisted of a vegetable oil mixture, 60 per 
cent peanut oil, 30 per cent cocoa butter and 10 per cent 
safflower oil. It was designed to have a fatty acid com- 
position similar to that of egg yolk. During period II 
small amounts of fat were provided from egg yolk—i.e., 
from 8 to 25 per cent of the total fat for the three dif- 
ferent groups. The fatty acid composition of the egg 
yolk and vegetable oil mixtures was determined by gas- 
liquid chromatography.1 The fatty acid data of Table 
I were computed on the basis of these analyses. Thus, 
the iodine values and the percentage of saturated, mono- 
ethenoid and polyethenoid fatty acids were virtually iden- 
tical for all periods and all subjects. Only the quantity 
of cholesterol in the diet was varied. 

The diets were changed every 3 weeks in order to 
compare the effects of cholesterol-free diets with diets 
containing cholesterol. These periods were numbered 
from I to IV chronologically. The diets of periods I 
and III were cholesterol-free and identical for all sub- 
jects. The diet of period II contained cholesterol in the 
form of egg yolk: the two men in group A received 475 
mg per day, the two men in group B consumed 950 mg, and 
the two men in group C received 1,425 mg. During pe- 
riod IV, crystalline cholesterol was blended into the 
formulas in a different amount for each group: group A 
1,200 mg per day, group B 2,400 mg, and group C 3,600 
mg. 

Laboratory studies. Blood was drawn twice weekly 
from each subject after a 14 hour fast. The total cho- 
lesterol (3, 4), phospholipid (5) and triglyceride (6) 
were determined in duplicate on each serum specimen 
during all periods. The two serum determinations for 
each subject during the last week of each dietary period 
were averaged to provide a final figure which then was 
used for an indication of the effect of a given diet. 

The Zak method for serum cholesterol determination 
was found to have improved accuracy when performed 
at a constant room temperature of 23° to 24° C and when 
the concentrated sulfuric acid was added rapidly to the 
ferric chloride-glacial acetic acid solution containing the 


1 Through the courtesy of Dr. Fred Mattson, Procter 
& Gamble Co. 
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DIETARY CONTROL AND THE SERUM LIPIDS IN MEN 


TABLE I 
Compostion of the formulas for the different dietary periods * 


Source of fat 


Vegetable 


Eg oil 


Subjects 


yolk mixturet value 


Fatty acids Protein 


Iodine  Satu- 


Egg 
rated Casein yolk Cystine 


I Cholesterol-free All 
Group A 
Group B 
Group C 


All 
Group A 


Group B 
Group C 


IL High cholesterol 
(egg yolk) 


III Cholesterol-free 
IV High cholesterol 


(crystalline 
cholesterol) 


* All subjects received 3,000 calories for each dietary period. Carbohydrates: cornstarch 75 g; Dextrimaltose no. 1 (Mead Johnson) 100 g; 


sucrose 207 g. 
constant through all periods. 


Vitamins and minerals were added to meet the daily recommended allowance of the National Research Council and maintained 
During period II, 34, 68, and 102 g of egg yolk were given to groups A, B, and C, respectively. 


+ Vegetable oil mixture: 60% peaaut oil, 30% cocoa butter and 10% safflower oil. 


extracted serum and immediately mixed with a stirring 
rod having a footplate. Although the Zak method for 
serum cholesterol provides results comparable with other 
methods (3), ar analysis of each serum sample for total 
cholesterol was performed also in duplicate by the method 
of Abell, Levy, Brodie and Kendall (4). In all instances 
the results obtained for each of these healthy subjects un- 


Diet 
Cholesterol-free 


Periods Gen. 


der the different dietary conditions were comparable 
with the Zak method. The values reported are those de- 
termined by the Zak method. 
For periods III and IV the total stool fat was deter- 
mined with the Goldfish apparatus on 3-day collections. 
The egg yolks fed in the experimental diet were pooled 
and an aliquot saved for chemical analysis. Cholesterol 


w 
| Cholesterol-free Crystalline 


Cholesterol 


roup Subject] 
— | 
A 2 


Serum Cholesterol , mg. percent 


fe) 


Weeks 


Fic. 1. 
PERIODS. 
mg of egg yolk cholesterol. 


THE SERUM CHOLESTEROL VALUES FOR EACH SUBJECT DURING THE DIFFERENT DIETARY 
In period II, group A subjects received 475 mg, group B 950 mg, and group C 1,425 
In period IV, group A subjects received 1,200 mg of crystalline 


cholesterol, group B 2,400 mg, and group C 3,600 mg. 


4 
ane | 
Choles- 
ait mg g g % % % g g g a 
ce: 0 0 133 86 33.5 40.4 27.6 70 0 0.3 
rae 1,2 475 11 122 85 33.7 40.9 26.8 64.5 5.5 0.3 ah a 
3,4 950 22 84 33.9 41.2 25.8 58.9 0.5 
Pee. 5,6 1,425 33 100 83 34.0 41.9 25.3 53.4 16.6 0.6 a 
0 0 133 8633.5 40.4 27.6 70 0 0.3 
a. 34 2'400 0 33 8 33.5 40 27.6 70 0 0.3 
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\ 
/ cue pe. ‘| 
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was determined by the method of Pihl (7). Phospho- 
lipid (5) and triglyceride (6) were determined on a 
chloroform-methanol extract. Values per 100 g of egg 
yolk were: cholesterol 1,370 mg, phospholipid 9.44 g, 
and triglyceride 25.18 g. These corresponded with previ- 
ously reported analyses of egg yolk (8, 9). 

Clinical course. The experimental subjects remained in 
good health for the duration of the study. They were 
examined daily; they took a constant amount of exercise 
each day; adherence to and tolerance of the formula were 
excellent. As might be expected with a 3,000 calorie in- 
take, the smaller subjects (2, 3, 4 and 5) gained weight 
moderately during each dietary period. The total gain 
for the 12 weeks was from 4 to 13 pounds in these sub- 
jects. The larger subjects (1 and 6) had no weight 
changes. 


RESULTS 


The serum cholesterol, phospholipid and _tri- 
glyceride values for each of the six subjects during 
the different dietary periods are illustrated in 
Figure 1 and Table II]. These normal men, con- 


WILLIAM E. CONNOR, ROBERT E. HODGES AND ROBERTA E. BLEILER 


suming a general diet, had a wide range of serum 
cholesterol concentration, varying from 198 to 295 
mg per 100 ml (mean 249). After 1.5 weeks of 
the cholesterol-free formula in period I, the serum 
cholesterol of all men declined considerably. The 
downward trend continued, and after 3 weeks the 
mean serum cholesterol reached 191, or a mean 
change of — 58 mg per 100 ml (p < 0.01). 

The addition of cholesterol in the form of egg 
yolk during period II for 3 weeks caused an in- 
crease in the serum cholesterol of each subject. 
The mean increase was 69, or from 191 to 260 mg 
per 100 ml (Figure 2). For the group, this 
change was significant (p < 0.001). The differ- 
ent amounts of dietary cholesterol led to similar 
responses. For example, the addition of 475 mg 
of cholesterol to the diet produced a mean in- 
crease of 66 mg per 100 ml in the serum choles- 
terol for Subjects 1 and 2 of group A. Twice 


TABLE II 
Mean serum lipid values* for the different dietary periods 


Period I 


Change Initial Final 
—68 
—94 
—55 
—47 
—49 
—34 


Subject Initial Final 


Cholesterol 155 
201 
233 
194 
204 


164 


155 
201 
233 
194 
204 
164 


SE 8.5 
p<0.01 


1 —73 
2 — 64 
3 —42 
4 
5 


Mean 


Phospholipid 


— 30 
— 30 
6 —25 


—44 
SE 8.2 
p<0.01 


Mean 


—41 
—40 
—55 
—37 
—74 
—33 


Triglyceride 86 
118 

127 

103 

183 

) 91 


—47 
SE 6.3 
p <0.001 


Mean 118 


Period II 


Period III Period IV 
Change Initial Final Change Initial Final Change 


166 166 176 
240 240 261 
250 250 278 
181 181 191 
212 212 233 


185 185 211 
205 


_ _ ,* Computed on the basis of determinations made during the last week of each dietary period (mg per 100 ml). 
initial values for period | are those obtained during the week of the general diet directly preceding period I. SE = 


standard error of the mean or SE = SD//N. 


| 
+53 208 +10 
+79 280 +21 
+64 297 +28 
+63 257 +10 
+78 282 +21 
mm 249 191 191 260 469 260 +19 
SE 4.3 SE -64 SE 3.2 
p <0.001 p <0.001 p<0.01 
108 145 +33 145. 125 —20 125 133 + 8 
150 208 +58 208 170 —38 170 191 +21 
Se 194 244 +50 244 180 —64 180 211 +31 — 
164 203 +39 203 144 -—59 144 156 +12 
155 183 +27 183 155 —27 155 177 +22 
152 193 +41 193 138 138 178 +40 
MM 198 154 154 196 +42 196 152 —44 152 174 +22 
eg SE 43 SE 7.3 SE 4.8 pi 
p <0.001 p <0.01 p<0.01 
78 78 130 +52 130 128 1% 135 - § 
2 72 72 101 +29 101 104 +3 104 91 —3i | 
66 66 93 +27 93 72 —21 -1 
109 109 147 +38 147 118 — 
58 58 103 +45 103 102 +17 
71 104 +33 104 98 6 98 95 -4 
SE 6.3 SE 6.5 SE 5.0 
p<0.01 p<0.5 p<0.5 
the 
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P<O.Ol 


80 
+69 |P<O0.00! 
3 
40 
oO 
€ }— 
2 +19 | 
Egg Yolk Crystalline 
S Cholesterol Cholesterol 
£ 


P<O. 00! 


8-605 

General Diet to} | Choiesterol-free 
Cholesterol- (") toHigh 

2 free (1) Cholesterol (1) 


High Cholesterol 


Cholesterol- free 
(") to Choles - (1) to High 
terol- free (11!) Cholesterol (!v) 


+42 


P<0.001 


Change in Serum Phospholipid 


-60 


OCCURRED AS 
values for the six subjects are given. 


this amount of dietary cholesterol led to no greater 
serum cholesterol increase (mean 64 mg per 100 
ml) for Subjects 3 and 4 of group B. Dietary 
cholesterol of 1,435 mg given to Subjects 5 and 
6 of group C led only to a slightly greater serum 
cholesterol change (mean 77 mg per 100 ml). 

The removal of cholesterol from the diet (pe- 
riod III) led to a considerable decrease in the 
serum cholesterol of each subject. After 3 weeks 
of this diet the mean decrease was — 55, or from 
260 to 205 mg per 100 ml and was significant 
(p < 0.001). 

Crystalline cholesterol was then added to the 
diets for 3 weeks (period IV). The serum cho- 
lesterol concentration for each subject increased 
somewhat but much less than when cholesterol 
from egg yolk was given. The mean change was 
19 mg per 100 ml (p<0.01). The larger 


Fic. 2. THE CHANGES IN SERUM CHOLESTEROL AND PHOSPHOLIPID WHICH 
THE DIET WAS ALTERED FROM ONE PERIOD TO ANOTHER. 


Mean 


amounts of crystalline cholesterol did not seem to 
have greater effects on the serum cholesterol. 
The serum phospholipid concentration for each 
subject changed in direction and amount as did 
the serum cholesterol for the different dietary pe- 
riods. Initially, the consumption of the choles- 
terol-free diet resulted in a mean decline of 44 
mg per 100 ml (p<0.01). The high choles- 
terol diet of egg yolk (period II) caused a rise 
in the mean serum phospholipid of 42 mg per 100 
ml (p< 0.001). The serum phospholipid in- 
creases were similar for groups A, B and C de- 
spite the feeding of different amounts of egg yolk 
cholesterol. The removal of egg yolk from the 
diet brought about a mean decrease in the serum 
phospholipid of 44 mg per 100 ml (p < 0.001). 
The mean serum phospholipid increased 22 mg 
per 100 ml (p< 0.01) when crystalline choles- 
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terol was added to the diets. The larger quanti- 
ties of crystalline cholesterol appeared to produce 
a somewhat greater increase in the serum phos- 
pholipid than did the smaller quantities. 

The serum triglyceride changes were variable 
and appeared unrelated to dietary cholesterol. 
The greatest shift was the mean decrease of 47 
mg per 100 ml, which occurred when the diet was 
shifted from general to cholesterol-free (period 
1). Serum triglyceride increased when egg yolk 
cholesterol was added (period II) but was not 
affected by either the cholesterol-free diet of pe- 
ried III or the crystalline cholesterol of period IV. 

The excretion of lipids in the stool was within 
normal limits, at or less than 5 per cent, for for- 
mulas with and without cholesterol. Stool fat in- 
creased, however, during period IV when the 
formulas contained large quantities of crystalline 
cholesterol. A typical example was Subject 5. 
He excreted 2.0 g of fat on the cholesterol-free 
diet and 5.2 g of fat while consuming the diet 
containing 3,600 mg of crystalline cholesterol per 


day. We infer that the bulk of this increase in 


lipid was unabsorbed dietary cholesterol, without 
the specific knowledge that the increase was in 


the sterol fraction. 


DISCUSSION 


In experimental animals, cholesterol is an im- 
portant constituent of diets given to produce hy- 
percholesterolemia and ultimately atherosclerosis 
(10). In man, on the contrary, most investiga- 
tors have concluded that dietary cholesterol has 
little or no influence upon the serum cholesterol 
concentration (11,12). Recent publications elimi- 
nate or omit any consideration of dietary choles- 
terol in the treatment and prevention of human 
hypercholesterolemia and atherosclerosis (13, 14). 
Emphasis has been placed upon dietary fat and 
protein and nondietary factors such as heredity, 
exercise and smoking. 

A large number of experimental observations 
from Anitschkow’s important report in 1913 to the 
present day has strengthened the concept that 
cholesterol in the diet is almost invariably essen- 
tial for the production of atherosclerosis in ani- 
mals. These species have ranged from the chicken 
to the monkey. Recently, Taylor, Cox, Counts 
and Yogi (15) have linked more closely human 
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and experimental atherosclerosis. Extensive cor- 
onary atherosclerosis and myocardial infarction 
were produced in the monkey by the long-term 
feeding of a high cholesterol, 22 per cent butterfat 
diet. 

In the present study, six healthy men had sig- 
nificant changes in the serum concentration of 
cholesterol in response to variations in their die- 
tary intake of cholesterol. The total number of 
calories, the character and the amount of fat, the 
amount of protein and the amount of physical ac- 
tivity were maintained at a constant level, while 
only the amount of cholesterol in the diet was var- 
ied. Dietary cholesterol was first provided as 
egg yolk after the men had consumed a cholesterol- 
free diet for 3 weeks. The high cholesterol diet 
caused a prompt rise of the serum cholesterol 
concentration of each man by the end of 1 week. 
The removal of egg yolk cholesterol provided ad- 
ditional evidence of its influence upon serum cho- 
lesterol. The serum cholesterol of each man then 
decreased after 4 days of the cholesterol-free diet. 
For the next 2.5 weeks it continued to fall addi- 
tionally. The changes in the serum phospholipid 
concentration of each man also correlated well 
with the presence or absence of cholesterol in the 
diet. In our previous study the high cholesterol 
and cholesterol-free diets were given for a longer 
period. The serum cholesterol and phospholipid 
changes induced by these diets were maintained 
for the entire 11 weeks of study (2). 

Six egg yolks with a cholesterol content of 1,425 
mg did not cause a greater rise in the serum cho- 
lesterol than did two egg yolks with one-third 
as much cholesterol. The review of Cook (16) 
and the work of Karvinen, Lin and Ivy (17) sug- 
gest that the human gastrointestinal tract has a 
limited capacity for cholesterol absorption. Per- 
haps all cholesterol above a certain amount is un- 
absorbed and passes out in the stool. The epi- 
demiological study of Keys and co-workers pro- 
vides data giving a similar line of evidence (11). 
Two large groups of Minnesota businessmen had 
similar serum cholesterol concentrations despite 
different cholesterol intakes of 401 and 1,010 mg 
per day. 

Crystalline cholesterol had a lesser effect upon 
the serum cholesterol and phospholipid concen- 
trations than did egg yolk cholesterol despite the 
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greater amounts of crystalline cholesterol which 
were consumed. The increased stool lipid during 
the period of the crystalline cholesterol formula 
suggested that cholesterol in this form might be 
poorly absorbed. -Cook, Edwards and Riddell 
found that intestinal absorption of egg yolk cho- 
lesterol was four times more complete than was 
crystalline cholesterol dissolved in olive oil (18). 
The more effective absorption of egg yolk cho- 
lesterol may result from its dispersed state in lipo- 
protein complexes in the yolk. 

The mechanism whereby dietary cholesterol 
augments the serum cholesterol concentration may 
be a matter of simple addition or it may be medi- 
ated through a more complex mechanism. First, 
after intestinal absorption, dietary cholesterol is 
transported in the chyle and later in the blood 
largely as a constituent of chylomicrons. When 
chylomicrons circulate in the blood, chylomicron 
cholesterol contributes to the total serum cho- 
lesterol (19). The continuance of chylomicron 
cholesterol in the blood probably depends upon 
the rapidity of chylomicron removal and hydroly- 
sis by the liver and other tissues, but this is uncer- 
tain (20, 21). Second, cholesterol derived from 
the diet may recirculate as a higher density lipo- 
protein after chylomicron dissolution (21). In 
the rat, dietary cholesterol contributes as much as 
90 per cent of the total serum cholesterol (22). 
In men given radio-labeled cholesterol, from 24 
to 31 per cent of the serum cholesterol is de- 
rived from diet (23). The component of serum 
cholesterol not derived from the diet is of endo- 
genous origin (22, 24). 

Previous studies involving the effects of egg 
feeding upon the serum cholesterol concentration 
(25-27) are difficult to interpret, since they did 
not balance all of the variables between the con- 
trol and experimental diets (2). Usually the egg 
yolk was an addition to a general diet and thereby 
caused a change in the fat content, fatty acid com- 
position, calories and protein of the diet. 

In the present study the egg yolk was not an 
addition. It was incorporated completely into the 
framework of the diet so that the cholesterol-free 
and egg yolk cholesterol formulas were identical 
in calories, protein and total fat. In particular, 
the differences in fatty acid composition between 
the two diets were negligible. The small quantity 
of arachidonic fatty acid fed only during the pe- 
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riod of the egg yolk cholesterol formula might be 
expected to lower slightly the serum cholesterol, 
according to the studies of Nothman and Proger 
(28). 

Cholesterol appears to be the necessary constitu- 
ent of egg yolk that affects the serum cholesterol 
concentration (2). The phosphatide content of 
egg yolk would not be expected to have a direct 
hypercholesterolemic effect. Other phosphatides 
added to the diet have induced lowering of the 
serum cholesterol (29). It is not known whether 
egg yolk phosphatide enhances gastrointestinal 
absorption of egg yolk cholesterol. Bronte-Stew- 
art has emphasized that egg yolk lipid elevates the 
serum cholesterol levels higher and more rapidly 
than does any other fat on a gram-for-gram basis 
(30). He has given evidence that both choles- 
terol and fat of a relatively high iodine value (i.e., 
70) must be in the intestinal tract at the same time 
in order to achieve the hypercholesterolemic effects 
of cholesterol ingestion. 

Beveridge, Connell, Mayer and Haust (31) re- 
cently reported that dietary cholesterol consumed 
with a butterfat fraction (30 per cent of the total 
calories) caused an increase in the serum choles- 
terol concentration. Their subjects consumed a 
fat-free formula for 8 days and for the next 8 
days received a butterfat fraction plus cholesterol 
in amounts varying from 13 to 4,500 mg. In this 
study two variables in the diet, total fat and cho- 
lesterol, were altered. The serum cholesterol 
might be expected to increase when the fat alone 
was added to the diet. Nonetheless, the serum cho- 
lesterol concentration increased further by a sig- 
nificant amount when quantities up to 634 mg of 
cholesterol were added to the diets of various 
groups. 

The observations of the present study are com- 
patible with the thesis that dietary cholesterol has 
an important effect upon the serum lipids in human 
beings (2). This does not deny the effects of 
the other factors, especially the influence of poly- 
unsaturated fats in the diet. It is of interest that 
in this study a decided increase in the serum cho- 
lesterol concentration occurred from the ingestion 
of dietary cholesterol at the same time that a 
considerable amount of polyunsaturated fat (35 
g) was present in the diet. The clinical implica- 
tions of such a conclusion must await the results 
of further investigation. The possible role of 
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dietary cholesterol should be considered in the 
design of diets given for the treatment and pre- 
vention of hypercholesterolemia. 


SUMMARY 


1. Six healthy men consumed in sequence a cho- 
lesterol-free diet, a diet containing cholesterol from 
egg yolk, a cholesterol-free diet, and a diet with 
added crystalline cholesterol. These diets were 
identical in calories, fat, protein, carbohydrate, 
minerals and vitamins. The fatty acid composition 
of the fat was also equivalent for all diets. 

2. The addition of dietary cholesterol in the 
form of egg yolk caused a significant increase in 
the concentration of cholesterol and phospholipid 
in the serum. The serum cholesterol and phos- 
pholipid decreased greatly when egg yolk choles- 
terol was removed from the diet. Amounts of 
dietary cholesterol from 475 to 1,425 mg per day 
(two to six egg yolks) produced similar effects. 
These amounts are within the average range of 
cholesterol consumption in the United States. 

3. When crystalline cholesterol was added to the 
cholesterol-free diet, less striking but significant 
increases in the serum cholesterol and phospho- 
lipid occurred. 

4. These studies suggest that dietary cholesterol 
has a significant effect upon the serum cholesterol 
concentration in human beings. 
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back in action Furoxone’ 


brand of furazolidone 
stops bacterial diarrheas without eradicating the normal intestinal flora 
At a large teaching hospital, a double-blind study with FUROXONE LIQUID in 65 chil- 
dren “demonstrated both symptomatic and bacteriological effectiveness of this drug in 
the outpatient management of bacterial diarrhea” without eradication of the normal 
intestinal flora. This “highly desirable quality”— the preservation of normal intestinal 
flora in children—is held “in contrast to experience with other ... agents used for this 
purpose.” Overgrowth of nonsusceptible organisms “resulting in colitis, proctitis and 
anal pruritus usually associated with bowel sterilization have not been observed” with 
FUROXONE. “Side effects were negligible and acceptability of the preparation was ex- 
cellent.” [Mintz, A. A.: Antibiotic Med. 7:481, 1960.] Furexene Liquid is a pleasant 
orange-mint flavored suspension containing Furoxone 50 mg. per 15 cc., with kaolin 
and pectin. Dosage for both children and adults may be found in your P.D.R. q 
EATON LABORATORIES, Division of The Norwich Pharmacal Company, NORWICH, N. Y. @ 
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ACCURATELY MEASURE OSMOTIC 
PRESSURE & TOTAL ELECTROLYTES 
OF BODY FLUIDS IN 3 MINUTES 


FISKE OSMOMETERS, now in use in over 
600 research centers and laboratories through- 
out the world, measure osmotic pressure and 
total electrolytes of body fluids by the freez- 
ing point method. First built in 1952, the 
FISKE OSMOMETER proved to be the 
answer in making precision cryoscopy a rou- 
tine laboratory procedure. Today’s FISKE 
OSMOMETER, available in laboratory or 
portable models, offers these major features: 


@ Semi-automatic operation 

@ Repeatability to 1 milliOsmol 

@ Freezing points to a 0.001°C 

@ Direct reading in milliOsmols 

@ 0-3000 milliOsmol range 

@ 3 minutes or less for a determination 


For complete details, specifications and appli- 
cations, write to: 


FISKE ASSOCIATES,INC. 


BETHEL, CONNECTICUT 
Creotors of 


Precision Electronic Devices 
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NUCLEAR INSTRUMENTS 


This Gamma Spectrometer Ends ‘“‘Dark Current’ Defect; Provides 
Direct Peak Comparison and Better Resolution from 1 kev to 6 mev. 


The NMC Model GSS-1 gamma spectrom- 
eter combines in one chassis a regulated 
high voltage supply as a part of the count- 
ing ratemeter autoscan system... all-tran- 
sistorized probe amplifier and spectrometer 
circuits . . . and either solid or well-type 
crystals. It’s the only system that eliminates 
the “dark current” defect, analyzes emitters 
from 1 kev to around 6 mev, and permits 
direct peak comparison of emitters using 
Model GSS-1—$4,180* semi-automatic peak integration. Graph 
paper supplied is calibrated in mev. 


Actual Spectrograms Made with a GSS-1 


HIGH 
14K 117 mev 444 
RESOLUTION 7 5 3 | 
8k 16K 
DEFECT CURRENT” ——) 
HERE | DEFECT 
1000 900 800 700 600 500 400 20 20 10 0 HERE 1000 900 800 700 600 300 40 30 20 10 0 
Actual spectrogram of Cobalt-60 made with a Radium, after four runs over 20 hour period 
GSS-1 gamma spectrometer system. Window without instrument adjustment. Range 30,000 
No. 3. Time constant: 2 sec. C/M. Time constant: 3 sec. 


Detect and Measure a, 8 and Y Four Ways with This 3-Unit 
All-Purpose Laboratory—1...or1+2...or 1+3...0r 1+2+3 


1 PROPORTIONAL COUNTING SYSTEM 
PC-3A—$1395.00* 


The only instrument that counts every alpha and beta 
emitted in a 2 pi angle from prepared samples. Pre- 
cisely separates absolute amounts of alpha and beta 
from any dry sample. Ideal for C-14, Ca-45, P-32 and 
H-3. Due to high yield, counting time may be reduced 
80% to 95%. High voltage and scaling systems operate 
with US-1 and WSC-1 shown below. 


2 UNIVERSAL SHIELD 
US-1A—$395.00* 


» Detects gamma and beta-gamma 
r activity in prepared flat samples. 
Also accepts gamma scintillation 
detector, mylar window GM flow 
detector, and strip chromatograph 
scanner. Operates with PC-3A. 


3 WELL-TYPE COUNTER 
WSC-1—$995.00* 


Background less than 140 cpm. 
Detects low-level gamma activity 
in test tube and flat type samples. 
All-transistorized amplifier. Works 
with any scaler. Operates with the 
PC-3A. 


*ALL PRICES FOB, INDIANAPOLIS 
For Full Details, Write, Wire...or Phone Collect—LIberty 6-2415 


Nuclear Measurements Corp. NMC 
5967 East 25th Street - Indianapolis 18, Indiana tbsp 
International Office: 13 E. 40th Street, New York 16, N.Y. 
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4 Tube Model Showi 
Instant Controlled 


Thorough Mixing Simple to Operate 


in tubes of many — 


Vortex rises and mixing 


sizes with the ders 


ELIMINATES HAND MIXING... 
Individual 3-speed control for each tube. Ask your Laboratory Supply Dealer 


Simple, one-hand insertion or removal of tubes. for particulars or write to: 
Eliminates stoppers, rods or finger capping. 
Accommodates tubes up to 25 mm. diameter, 


up to 200 mm. long. Scientific 


ADAPTABLE TO ANY MIXING PROCEDURE 


IN TEST TUBES OR CENTRIFUGE TUBES Industries 


Here at last is a simple method of 

eliminating the drawbacks of hand mixing. 

Avoid contamination and loss from rods I mC. 
or stoppers. Avoid skin irritation and 


inaccuracies from finger capping. You 

will be at how with. DEPT. 15 PARK ST. 
it is to obtain fast thorough mixing wit! 

the patented VORTEX MIXE SPRINGFIELD 3, MASS. 


The Journal of Clinical Investigation 
333 Cedar Street New Haven 11, Conn. 


VOLUMES 


BACK “ISSUES 


Vol. 27 (1948) six issues and one 
supplement 


Vol. 28 (1949) six issues and two 
supplements 


Vol. 29 (1950) twelve issues 


Vol. 30 (1951) twelve issues and 
one supplement 


Vol. 31 (1952) twelve issues 
Vol. 32 (1953) twelve issues 
Vol. 33 (1954) twelve issues 


Vol. 36 (1957) twelve issues and 
two supplements 


Vol. 37 (1958) twelve issues 
Index, Vols. 1-17, inc. 


Order While Available 
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BLOOD STREA 


of man or 


CHLORIDE 
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POTASSIU 


blood stream; the inner cannula 
blood while the outer cannula con 


Write and we will forward reprints of published papers, 


_TECHNICON INSTRUMENTS CORP. 


22 RESEARCH PARK « CHAUNCEY, NEW YORK 
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REVUE FRANCAISE D’ETUDES 
CLINIQUES ET BIOLOGIQUES 


May, 1961 
Vol. VI, No. 5 
Editorial 
Etiocholanolone, Steroides Pyrogenes et ‘Maladie Periodique. E.-E. BAULIEv. 


Original Articles 


Analyse Immunologique du Serum Humain Normal apres Electrophorese en Gel d’Amidon. M. DrEBray- 
Sacus, B. ANTOINE et J. M. Fine. 


Etude Immuno-Electrophoretique du Serum des Prematures. M. Foucaut et M. GouDEMAND. 


Etude Quantitative des Gamma-Globulines Seriques chez des Souris Irradiees et Restaurees par des 
Cellules Hematopoietiques Isologues ou Homologues. J.-L. AmreL, G. Matué et M. Pays. 


Etude Biochimique d’un Cas de Carcinoidose. A. Crastes de PAULET, O. FLANDRE et I. COHEN. 


Original Notes 


Modification du Comportement Antigenique de l’Albumine du Foie au Cours du Developpement de la 
Tumeur de Walker chez le Rat. D. Durour, Dinu Bao Linu, M. Demers et P. Linpsay. 


Le Transfert des Grosses Molecules du Sang dans la Bile et le Lymphe Hepatique chez le Cobaye. Etude 
par le Polyvinylpyrrolidone L**. J. CHENDEROViTCH, E. PHocas, S. TRouPEL, H. RENAULT et J. CAROLI. 


Influence des Divers Anticoagulants sur la Mesure du pH du Plasma Sanguin. C. Saunier, TUFIK- 
Smao et Tu. Covas. 


Les Variations avec l’Age de la Densite Osseuse chez le Rat. F. Bour.iére et J. Dry. 


Dosage Turbidimetrique des Lipoproteines Seriques de Faible Densite apres Floculation Selective par 
l’Acide Phosphotungstique a pH Neutre en Presence d’Une Concentration Saline Elevee. M. BurstEin 
et M. BERLINSKI. 


General Review 


Mecanismes et Syndromes en Immuno-Pathologie. G. VoIsIN. 
Technical Note 
Test de la Niacine et Identification des Mycobacteries. (Valeur de la Methode.) J. VIALLIER et J. 
AUGAGNEUR. 
Subscription rate, $19.00 


Special rate for interns and residents, $13.00 


EDITIONS MEDICALES FLAMMARION, 22, rue de Vaugirard, PARIS 6eme. France. 
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IN VIVO pOz MEASUREMENT 
... immediately, continuously 


You no longer need to withdraw samples to measure oxygen tension in blood or 
fluid. The Beckman oxygen micro electrode, sheathed in an 18-gauge arterial 
needle, goes to the source... live tissue, circulating blood, body fluids in their 
natural environment... and transmits a continuous measurement of pO, from 
within the subject. You observe changes as they happen. You eliminate gaps in 
information. Since pO, is read directly, you do away with tedious calculations. 


The versatile multi-channel amplifier provides scales for pCO, and pH as 
well as pO,, and will accommodate Severinghaus-type CO, electrodes, blood 
PH electrodes and other Clark-type oxygen electrodes. Special configurations of 
the oxygen micro electrode and amplifier can be made for unusual applications. 

For further information about the oxygen micro electrode and amplifier 
... described as the Model 160 Physiological Gas Analyzer... write Beckman 
Instruments, Inc., Spinco Division, Stanford Industrial Park, Palo Alto, 
California. Ask for data file 160-16. 


Beckman Spinco Division 


Beckman Instruments, Inc. 
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80% of 
Clinical Laboratories 
Agree... 


Simplastin 


Here are some of the major reasons for 
SIMPLASTIN’s use in 21,384,000 determinations 
of prothrombin time during 1960: 


1. Assured reproducible results. 80% of clinical 
laboratories agree —by routine use—that 


SIMPLASTIN is the thromboplastin reagent that 
gives “best reproducibility”! of results. 


2. Lowered burden on laboratories. For depend- 
ability and ease in handling, laboratory directors 
select SIMPLASTIN, a quality controlled freeze- 
dried thromboplastin extract. Already combined 
with calcium, it is prepared for use merely by 
adding distilled water. 


3. Guaranteed controls for PH, ionic strength, 
suspended solids, particle size, moisture and sta- 
bility in varying temperatures. 


4. Contains no preservative or artificial acceler- 
ators for prothrombin activation, as are found in 
liquid preparations (see note). 


NOTE: Attention is again being given to commercially 
available thromboplastins in liquid form. A preservative 
must be added to a liquid thromboplastin to keep it 
stabie. These preservatives are: phenol (carbolic acid) or 
phenolic compounds, which reduce pH far below optimum 
in the therapeutic range. It is further established that such 


compounds artificially accelerate apparent prothrombin 


activity to give falsely speeded prothrombin ‘‘mes.? In 


3,4 and 


addition, these compounds act as enzyme poisons, 
inhibit catalase activity which is present in all animal tis- 
sue* and can be detected by the well-known benzidine 
test.“ A negative or weak benzidine reaction on an 
extract of animal tissue is convincing evidence that en- 


zyme inhibition has occurred. 


order Simplastin today, your safeguard of dependable results 


GENERAL DIAGNOSTICS DIVISION WARNER-CHIELCOTT Div. MORRIS PLAINS. N.J. 


1. Innella, F, and Redner, W. J.: Am, J. Clin. Path. 33:1, 1960. 2. Gerber, C. F, and Blanchard, E. W.: Am. J. Physiol. 144:447, 1954. 3. National 
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